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 ABSTRACT 
As an important electrochemical energy storage system, supercapacitors (SCs) 
possess advantages of high power density, long cycling life and great safety to meet 
the requirements of particular applications. Current commercial SCs that are mainly 
based on activated carbon materials generally have low energy density. Development 
of alternative electrode materials with a high specific capacitance is critical to 
achieving a high energy density of SCs. In the past decades, transition metal 
compounds have been explored as promising electrode materials for SCs with high 
energy density by taking advantage of faradaic charge storage process of transition 
metal cations. Nevertheless, SCs with transition metal based electrode materials 
normally suffer sluggish electrochemical reaction kinetics and poor electron 
conductivity, which result in unsatisfactory cycling stability and rate capability. In 
this review, we focus on the analysis of recent research breakthroughs in the 
development of high electrochemical performance SCs using transition metal 
oxides/hydroxides, sulfides, selenides and phosphides. The majority of the devices 
demonstrated outstanding cycling lifetime of over 10,000 times and excellent capacity 
retention rate along with high energy density. A critical analysis of the factors that 
contribute to the electrochemical performance of these star-performing SCs such as 
material morphology, crystal structure, composition, interfacial properties and key 
chemical reactions are presented. This timely review sheds light on the most effective 
possible paths towards design and fabrication of high performance SCs using 
transition metal electrode materials. 
Keywords: Supercapacitor, long cycling stability, transition metal 
oxides/hydroxides, sulfides, selenides. 
 
 
 
1. Introduction 
Energy storage systems play critical roles in modern society due to the 
increasing demand of electrical power supply for devices such as mobile electronic 
devices and electric vehicles as well as the need to provide reliable energy supply for 
the general household. Among them, supercapacitors (SCs), also called 
electrochemical capacitors, possess distinguished properties including superior energy 
density than conventional capacitors and higher power density than batteries.[1] 
Current commercial SCs are mainly based on carbon materials which store/release 
electrical charges through physical adsorption/desorption of electrolytic ions on the 
electrode surface.[2] The SCs based on this type of charge storage mechanism 
normally has a limited energy density (less than 10 Wh kg
-1
). Since high energy 
density is always desirable for practical applications, lots of efforts have been made to 
develop alternative electrode materials with higher specific capacitance.  
Transition metal based materials can store much more energy than carbon 
materials thanks to the faradaic charge transfer process involved in the 
electrochemical process.[3, 4]  In the past decades, researches on transition metal 
oxides/hydroxides,[5-15] sulfides,[16-24] selenides,[25] phosphides,[26] and 
MXenes[27] based SC electrode materials have been reported extensively. The 
general properties of these materials and their electrochemical performance in SCs 
have already been well documented.[4, 28-30] Nevertheless, the key bottlenecks that 
limit the practical application of transition metal based materials in SCs are their 
unsatisfactory rate capability and cycling stability. They are mainly caused by the 
slow chemical redox reaction kinetics, low electrical conductivity, fragile crystal 
structure, and slow dissolution of the electrode materials in the electrolyte solution. 
The slow reaction kinetics and poor electric conductivity prevent the realization of 
full potential capacity, rate capability and the stability of material structure during 
charge storage process. The fragile material crystal structure is easy to collapse during 
long time cycling test while dissolution of transition metal based materials in the 
electrolyte solution will further reduce their cycling stability. Since rapid 
charge/discharge capability and long cycling stability of minimum 10 000 cycles are 
key criteria of SCs which distinguish them from batteries, a deep understanding of the 
factors and critical fundamental processes that affect the rate capability and cycling 
stability of transition metal compounds is of high importance in order to develop new 
approaches to solve these problems in this area. Currently, there is a lack of review 
that dedicates to the up-to-date reports of the most effective strategies for boosting the 
rate capability and cycling stability of transition metal based SC materials. This 
timely review aims to fill this knowledge gap. 
In this review, we mainly focus on research work that has demonstrated not 
only high energy density but also outstanding cycling stability of 10 000 cycles or 
more and decent capacity retention with SCs using transition metal 
oxides/hydroxides, sulfides, selenides and phosphides. Note that MXenes (including 
transition metal carbides, carbonitrides and nitrides) are also another type of 
promising transition metal based electrode materials for SCs which have attracted 
great intention very recently. We didn’t include this type of material here since this 
new type of materials is still in the preliminary developing stage. Nevertheless some 
comprehensive reviews about MXenes can be found in the literature.[31-33] Through 
critical analysis of the correlation of electrochemical performance and the innovations 
applied, we hope to shed light on the most viable paths for fabrication of potentially 
usable SCs in practice. The review is arranged in the following way. A brief 
introduction of the basic knowledge of SCs including their working mechanisms, 
performance evaluation, and classification of SC electrode materials is firstly 
presented. This is followed by a detailed analysis of different types of transition metal 
compounds for SC applications in regard of their intrinsic properties including the 
crystal structure, electric conductivity, and charge storage mechanism. Specific 
methods to address the most critical issue of each type of SC material is proposed. 
After that, novel approaches to enhance electrochemical performance, in particular the 
cycling stability and rate capability of all the electrode materials, are summarized and 
discussed. After this, we summarized the advancement of fundamental study of the 
charge storage mechanism of transition metal based electrode materials for SCs 
achieved by using in-situ characterization techniques. Lastly, an outlook and remarks 
of design and fabrication of transition metal materials for high performance SCs are 
presented.  
2. Background of Supercapacitors 
2.1.  Working principle of SCs 
Figure 1a shows the schematic of a typical SC which consists of two working 
electrodes composed of active materials deposited on current collectors, an 
electrolyte, and a separator that electrically isolates the two electrodes. According to 
the device architecture and the charge storage mechanisms of electroactive materials, 
SCs can be classified into three categories:  symmetric SCs (SSCs), asymmetric SCs 
(ASCs) and hybrid SCs (HSCs). As shown in Figure 1b-e, the charge storage 
mechanism of the electroactive materials can be identified as electrical double layered 
capacitance (EDLC), pseudo-capacitance, and battery-type behavior.  
The EDLC is controlled by a reversible adsorption/desorption of electrolyte ions 
at the electrode/electrolyte interface (Figure 1b), which forms an electrical double 
layered region.[34, 35] The energy storage of SCs in this purely physical process is 
low and heavily dependent on the accessible surface area of the electrode materials 
for the adsorption/desorption of electrolyte ions. Carbon based materials normally 
exhibit EDLC behavior. Among them, active carbon based SC is currently 
commercially available.  
Pseudo-capacitance based on Faraday redox reactions endows SC devices much 
higher charge storage capacity. Fundamentally, there are two types of 
pseudo-capacitance process: pseudo-capacitance controlled by surface redox reaction 
(Figure 1c) and pseudo-capacitance dominated by intercalation (Figure 1d).[36] 
Surface redox pseudo-capacitance process normally stores charges through 
adsorption/desorption of electrolyte cations and anions on the surface of electrode 
material where faradaic redox reactions occur (Figure 1c). Materials dominated by 
surface redox pseudo-capacitance behave just like EDLC based materials with linear 
and triangle shape of galvanic charge/discharge (GCD) curves and nearly rectangular 
cyclic voltammetry (CV) curves. The energy storage process in the intercalation 
pseudo-capacitance process (Figure 1d) involves reversible 
intercalation/de-intercalation of electrolyte cations (Na
+
, K
+
, Li
+
, H
+
, etc.) into the 
crystal structure of electrode materials. It is worth noting that no material phase 
change occurs in the intercalation pseudo-capacitance process. 
Electrode materials that experience phase change during the charge/discharge 
process have long been mistreated as pseudo-supercapacitor materials. Recently, the 
community of electrochemistry has distinguished them from the traditional 
pseudo-supercapacitive material. According to the new definition, materials that 
demonstrate phase change behavior during charge/discharge electrochemical process 
should belong to “battery type” materials.[2, 37, 38] Compared to pseudo-capacitive 
materials, the electrochemical reactions of battery-type materials are controlled by 
electrolyte ion diffusion (Figure 1e) and normally experience “phase-transformation” 
ion intercalation and/or alloying reactions,[38] which is reflected in the CV and GCD 
plots with pronounced oxidation/reduction CV peaks and GCD plateaus regions, 
respectively. Battery type materials usually have high charge storage capacity but low 
rate performance because of the sluggish kinetics associated with the slow material 
phase transformation involved in the charge/discharge process. However, the battery 
type materials with specially designed nanostructures can possess very high specific 
surface area, which creates abundant active sites for redox reaction and shorter 
distance for diffusion of electrolyte ions. The nanostructure also provides sufficient 
spaces to buffer the fast phase change during charge storage process. Therefore, they 
can be used to combine with capacitive electrodes like active carbon to assemble 
hybrid SCs to achieve fast charge storage and high energy density. Nanostructured Ni 
and Co based materials are typical battery-type SC materials. They work in alkaline 
electrolytes and have a complementary potential range of 0 ~ 0.55 V vs. Hg/HgO. 
When they are combined with carbonaceous materials (-1 ~ 0 V) to form HSCs, a 
voltage higher than 1.5 V can be obtained with the device. Besides Ni and Co based 
materials, other transition metal based materials such as Mn
II
, Cd, and Cu also 
demonstrate fast battery type charge storage. The details of the SCs based on these 
materials are shown in Section 3. It also should be noted that the phase 
transformations during the redox reaction is essential for the battery behaviour. 
Battery type materials can also possess pseudocapacitive behaviour in some 
occasions. Some hierarchical nanostructured porous battery materials exhibit high 
electric conductivity and very high specific surface area which facilitate the electron 
transportation, decrease electrolyte diffusion distances and suppress the phase 
transformation, enabling pseudo-capacitive behaviour with the materials. Such special 
type of battery materials can be combined with EDLC based carbon materials and Li
+
 
or Na
+
 containing organic electrolyte to form Li-ion or Na-ion SCs, or in aqueous 
electrolyte to form the HSC. Those systems combine the advantages of high power 
density of SCs and high energy density of batteries, and thus have attracted great 
attentions recently. 
 
Figure 1. a) The schematic illustration of the structure of a typical supercapacitor; 
(b-e) Energy storage mechanism illustration of SCs electrodes: b) electrical double 
layer capacitance, c) surface redox capacitance, d) intercalation capacitance and e) 
battery behavior. Classification of metal elements based on different charge storage 
mechanisms: f) surface redox capacitance, g) intercalation capacitance, h) battery 
behavior, and i) the anions used to coordinate with these transition metal elements.  
 
2.2.  Evaluation of SC performance 
Similar to any other energy storage system, the performance of a SC is assessed 
by two criteria: 1) how much energy it can store and 2) how fast the stored energy can 
be released. The former is defined as energy density (E, in Wh kg
-1
) and the latter is 
power density (P, kW kg
-1
) respectively. In an SC, E and P can be calculated 
according to equations (1) - (3)[34, 39-41]:  
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where C (in F g
-1
) is the specific capacitance, V (in V) is operational voltage window 
of the cell, ∆t (in s) is the discharge time, Pmax (in kW kg
-1
) is the maximum power 
density, and Rs (in Ω) is the equivalent inner resistance of the SC device. V and C are 
mainly determined by electrode active materials and electrolytes used in SCs, while 
Rs is the combined resistance of the electrolyte, substrates, ohmic contact resistance, 
and charge transfer resistance of the SC device. Clearly, in order to improve the 
energy and power density of SCs, both C and V should be increased while Rs needs to 
be minimized. 
Characterization techniques such as cyclic voltammetry (CV), galvanostatic 
charge/ discharge test (GCD), and electrochemical impedance spectroscopy (EIS) are 
commonly used to evaluate the electrochemical performance of SCs and individual 
active electrode materials. Based on these tests, the pivotal electrochemical properties 
of SCs and active materials can be obtained including energy density, power density, 
series resistance, cycling life, rate capability, specific capacitance, etc.  
2.3.  Electrode materials 
     Based on the nature of electrode materials, there are three main types of 
electrode materials which have been investigated extensively for SC applications: i) 
EDLC based carbon materials, ii) faradaic conductive polymers, and iii) transition 
metal based materials. The chemical and physical properties of carbon based materials 
for SC applications have been reviewed previously.[42-44] Carbon based EDLC 
materials have low material cost, high surface area, large power density, and high 
conductivity. However, as mentioned before, their specific capacitance (< 200 F g
-1
) 
is generally much lower than faradaic electrode materials. Conductive polymers have 
advantages of good mechanical properties, fast charge/ion transport, and high 
conductivity. These advantages make them attractive for applications in SCs. 
However, the easy deterioration of material structure caused by intensive swelling and 
shrinking of material volume during charge/discharge process normally leads to poor 
cycling stability. Research on SCs using conductive polymers has also been 
documented in the literature.[45, 46]  
As another important type of SC electrode materials, transition metal 
compounds and composites have been widely investigated for SCs. RuO2 was the first 
reported transition metal oxide for SCs.[47] The maximum theoretical capacitance of 
RuO2 is 1450 F g
-1
 with a 1 V voltage window, which is much larger than that of 
carbon materials. The material also has merits of good thermal stability, high cycling 
stability, high proton conductivity, etc. However, the scarcity and high cost of 
ruthenium (Ru) limit the large-scale production of RuO2 based SCs. To address the 
issues, great efforts have been made to develop alternative cost-effective transition 
metal based electroactive materials. As summarized in Figure 1f-h, earth-abundant 
transition metal elements in Period 4, 5 and 6 of the periodic table such as Ni, Co, 
Mn, Cd, Fe, Mo, W, V and Ti, have been used to design electroactive materials 
because of their multivalent states. Elements including O, S, Se, P and the functional 
group of OH are often used to coordinate with these transition metals to form a series 
of hydroxides, oxides, sulfides, selenides and phosphides (Figure 1i). Based on their 
charge storage behaviour demonstrated by the materials, the transition metal 
compounds can be divided into three types: 1) surface redox pseudo-capacitance 
based materials such as Mn and Fe oxides/oxyhydroxides; 2) intercalation 
pseudo-capacitance based materials such as V2O5, WO3, Nb2O5, TiO2, MoS2, etc.; and 
3) battery-type materials containing Ni, Co, Cu, and Cd based oxides/hydroxides, 
sulfides, selenides and phosphides. The materials that demonstrated long cycling 
stability (most of them >10 000 cycles) for each type of storage mechanism are shown 
in Table 1. The unique features for the most representative materials that account for 
the high electrode chemical performance are discussed in the following. 
Table 1 Classification of electrode materials according to their different charge 
storage mechanisms. 
 
3. Transition metal based materials for SCs 
3.1.  Surface redox pseudocapacitive materials 
Charge storage mechanism  Typical electrode materials 
Surface redox reaction based 
pseudo-capacitance 
RuO2, Mn3O4, MnO2, MnOOH, FeOOH, Fe3O4, Fe2O3 (0 - 
0.8 V vs Ag/AgCl in neutral electrolytes), etc. 
Intercalation dominated 
pseudo-capacitance 
V2O5, WO3, MoO3, Nb2O5, TiO2, Na2Ti2O5−x, MoS2, WS2, 
VS2, TiS2, etc. 
Battery type electrode 
materials 
Ni, Co, Cu, and Cd based oxides/hydroxides, sulfides, 
selenides and phosphides: Co(OH)2, CoOOH,  
CoOx(x=1-2), Ni(OH)2,   NiOOH, NiO, Fe2O3, γ-FeOOH, 
α-NiS, NiCu LDH, NiMn LDH, CoAl LDH, NiAl LDH, 
Ni-Co LDH, NiCo2O4, NiMoO4, ZnFe2O4, FeCo2O4, 
Ni3V2O8, NiCo2S4, Ni-Mn sulfides, Co-Mn sulfides, Zn-Co 
sulfides, Zn-Ni sulfides, NiV2S4, Ni-Mo sulfides, NiGa2S4, 
NiCoP, Co0.85Se, (Ni,Co)0.85Se, etc. 
Manganese oxide/oxyhydroxide materials such as MnO2, Mn3O4[48], and 
MnOOH are typical surface redox pseudo-capacitive materials. The materials are 
abundant, nontoxic, and possess high theoretical capacitance of >1000 F g
-1
, which 
have been extensively studied as electrode materials for SCs.[49] The electric charge 
storage of Mn oxide/oxyhydroxide involves change of oxidation state of Mn from 
Mn
III
 to Mn
IV
 with the participation of alkali cations or protons. The general charge 
storage mechanism can be described as:[9]  
MnO2 + C
+
 +e
-
 ↔ MnOOC 
where C
+
 stands for protons or alkali cations (Na
+
, K
+
, Li
+
, etc.). Crystallinity and 
crystallographic structures of Mn-based materials play crucial roles in deciding their 
pseudocapacitive properties.[14] Mn oxides have abundant crystalline structures 
including α, β, γ, δ, and λ forms (Figure 2a) according to the different ways MnO6 
octahedra are interlinked.[9] Among them, α, β, and γ phases have 1D tunnels, δ 
phase is a 2D layered structure, and λ phase is a 3D spinel structure.[50] As the 
charge storage process is accompanied by intercalation/de-intercalation of protons and 
alkali cations, only the structures with sufficient spaces for diffusion of these ions are 
useful for SC applications. Because α-MnO2 has a large tunnel size (a. 0.46 nm) and 
birnessite-type δ-MnO2 has a large interlayer space (a. 0.7 nm), they exhibit great 
potential for SCs. Other crystallographic structures normally show negligible charge 
storage ability due to the narrow tunnels in the structure. Li’s group compared the 
electrochemical performance of 3D birnessite-type δ-MnO2 and α-MnO2.[51] As 
shown in Figure 2b and c, both MnO2 phases show typical surface pseudo-capacitance 
behavior with rectangular cyclic voltammetry (CV) curves and triangle galvanic 
charge/discharge (GCD) plots. Note that δ-MnO2 has higher charge storage ability 
compared to α-MnO2 thanks to its better Na
+
 accessibility and diffusion. A much 
higher volumetric capacitance of 922 F cm
-3 
(Figure 2d) and specific capacitance of 
1049 F g
-1
 (Figure 2e) at 5 mV s
-1
 are achieved with δ-MnO2. The corresponding SCs 
also showed excellent rate performance and over 20 000 robust cycles lifetime.  
 
Figure 2.  a) Crystal structures of MnO2 with α, β, γ, δ, and λ phase respectively 
Reprinted with permission.[50] Copyright 2008, American Chemical Society. b) CV 
curves, c) GCD curves, d) volumetric capacitances, and e) specific capacitances of 
bare nanoporous Au, Au/δ-MnO2, and Au/α-MnO2 based micro-SCs.[51]      
The major issue for Mn oxide/oxyhydroxide materials is their poor electrical 
conductivity (∼10−5–10−6 S cm−1), dissolution in alkaline or neutral aqueous 
electrolyte, and poor structural stability, which reduce their electron transport 
efficiency and cycling stability. Moreover, since only the surface thin layer of 
Mn-based materials can store charges, their charge storage ability is limited. To solve 
these problems, nanostructured current collector was constructed to enhance the 
loading of the material. For example, Xu et al. prepared a vertically aligned Ni 
nanowire arrays matrix for MnO2.[52] The nanowire structure enlarges the substrate 
surface area significantly and improves the ohmic conductance of the matrix greatly. 
This enables a high mass loading of MnO2 while maintaining its thin thickness to 
obtain a high electrochemical activity and electric conductivity. Compared with the 
conventional Ni foam substrate, the MnO2 deposited on the Ni nanowire arrays 
exhibited a much better cycling stability with 103.7% capacitance retention after even 
20 000 GCD cycles at 10 mA cm
-2
. 
Iron (Fe) oxides/oxyhydroxides are also reported as anode materials for SCs 
with the merits of high theoretical capacity, wide voltage window, material abundance 
and low cost. Note that this type of materials normally shows a surface 
pseudo-capacitance only in a relatively narrow voltage range of 0~-0.8 V vs Ag/AgCl 
and a battery behavior when the voltage window is broadened to the range of 0~-1.2 
V vs Ag/AgCl or even lower voltage position. Nevertheless, most Fe based materials 
show poor rate stability and low cycle lifetime. This is probably due to the hydrogen 
evolution reaction occurring during the electrochemical process and fierce structure 
distortion which deteriorates the intrinsically fragile material structure. To date, only 
few reports have reported SCs based on iron oxides/oxyhydroxides that showed a long 
cycling stability. For example, low-crystalline FeOOH grafted on carbon fibre cloth 
substrate was reported to have a high specific capacitance of 1066 F g
-1
 at 1 A g
-1
 with 
a high rate retention of 74.6% at 30 A g
-1
; even with a high mass loading of 9.1 mg 
cm
-2
, the FeOOH electrode still exhibited a cycling stability of 86% after 10 000 GCD 
cycles at 15 A g
-1
.[53] The excellent performance can be attributed to the low 
crystalline structure which provides abundant active sites and better structure 
flexibility to tolerate the structure distortion during charge/discharge process. Another 
effective strategy to enhance the electrochemical performance of iron based electrode 
materials is demonstrated by Liu et al.[54] They synthesized Fe2O3 nanodots which 
were well dispersed on N-doped graphene sheets. The small size of Fe2O3 and high 
electric conductivity of nitrogen-doped graphene benefit the full utilization of Fe2O3, 
leading to a high specific capacitance of 274 F g
-1
 at 1 A g
-1
, excellent rate capability 
of 140 F g
-1
 at 50 A g
-1
, and super long cycling stability of 100 000 cycles with 75.3% 
capacitance retention. 
3.2.  Intercalation pseudo-capacitive type materials 
3.2.1. Transition metal oxides 
Transition metal oxides such as V2O5, WO3, MoO3, Nb2O5, and TiO2 are found 
to possess intercalation pseudo-capacitive characteristic. One typical feature for 
intercalation based materials is that they normally have a 2D layered structure or 3D 
interconnected channels which enable fast electrolyte ion transport during charge 
storage process. Differing from Mn oxides/hydroxides, the charge storage process is 
not limited to the surface. Instead, the whole bulk material participates in the 
electrochemical process during the SC charge/discharge process. 
As typical intercalation pseudo-capacitive electrode materials, vanadium oxides 
have various crystalline structures (VO2, V2O5, V2O3) and multiple oxidation states 
(from +2 to +5), which make them ideal materials for SCs. Most V
4+
 and V
5+
 based 
vanadium oxides including V4O9 nanosheets, V2O5 nanotubes, and VOx nanowires are 
promising cathode materials. In contrast, V
4+
/V
3+
 is more negative than V
5+
/V
4+
, 
which makes V
3+
 incorporated V6O13 ideal candidates as anode materials.[55] 
Vanadium oxides normally have a layered structure for fast intercalation 
pseudo-capacitance. For instance, V2O5 is composed of layers of VO5 square 
pyramids which share edges and corners.[56] V2O5·nH2O xerogels have a lamellar 
structure with the host layers composed of bilayer V2O5 single layer intercalated by 
water molecules.[57] The water molecules expand the distance of the interlayer space 
up to 11.5 Å, which is highly favorable for boosting intercalation 
pseudo-capacitance.[58] The issues of vanadium oxides include poor electronic 
conductivity (10
-2
-10
-3 
S cm
-1
) and dissolution in aqueous electrolyte. [13, 59] 
Binder-free growth of active materials on current collectors and use of gel electrolytes 
can effectively alleviate these issues and achieve long-term cycling stability. Li et al. 
deposited V2O5 on electrospun carbon nanofibers via solvothermal reaction followed 
by thermal treatment. This results in intimate contact between V2O5 and carbon 
nanofibers for a high electric conductivity.[60] By further using gel electrolyte to 
minimize the dissolution issue, the electrode exhibited a considerable specific 
capacitance of 408 F g
-1
 at 1 A g
-1
 and an excellent cycling stability with only 10.7% 
capacitance loss after 10 000 GCD cycles at 1.2 A g
-1
. Lam et al. fabricated an 
electrode composed of highly porous and conductive carbon textile coated with 
V2O5.[61] The SCs based on this electrode demonstrated a 30-fold enhancement of 
energy density compared to normal carbon textile, and excellent cycling stability with 
negligible capacity decay after even 10 000 CV cycles at 200 mV s
-1
. 
Tungsten oxides (WO3) are formed by ordered stacking of the corner and edge 
shared WO6 octahedra. Such a crystal structure forms considerable number of 
interstitial sites between the WO6 octahedra, rendering the insertion and de-insertion 
of protons (WO3 + xH
+
 + xe
-
 ↔ HxWO3, 0 < x < 1). Among the different crystal 
structures of WO3, the hexagonal-phase WO3 (h-WO3) provides larger hexagonal 
tunnels in addition to the typical tetragonal tunnels, which enable the insertion of 
protons without varying the crystal structure, and thus give the material intercalation 
pseudocapacitive behavior.[62, 63] The WO3 with other crystal structures must be 
prepared into nanostructured morphology and distributed in/on the carbon materials, 
otherwise, the WO3 will suffer from the redox phase transformation and show battery 
behaviour.[64-66] The pseudocapacitive behavior of WO3 can be preserved by 
designing proton transport channels with the help of structural water. As shown in 
Figure 3a, hydrated WO3 (WO3·2H2O) has layered crystalline structure because of 
the existence of structural water which is beneficial for proton 
intercalation/de-intercalation.[67] Without molecular water, anhydrous monoclinic 
WO3 (γ-WO3) loses the layered structure (Figure 3a) and shows battery-type energy 
storage behavior. Their CV curves at different scan rates (Figure 3b and c) clearly 
show the different charge storage mechanisms with intercalation pseudocapacitive 
behavior for WO3·2H2O and battery behavior for WO3.Chen et al. fabricated WO3 
hydrate (h-WO3·nH2O) as a mixed protonic-electronic conductor inspired by protein 
channels in biologic systems.[68] As-prepared WO3 contained 
hexagonal-close-packed channels for water molecule chains filling and thus enable 
excellent proton conduction to boost the charge storage capability of h-WO3 
significantly. The h-WO3·nH2O also shows a high electric conductivity and a robust 
structural stability. These favorable features are responsible for the high capacitance 
(498 F g
-1
 at 5 mV s
-1
) and long cycling lifetime (50 000 cycles at 8 A g
-1
) achieved 
by h-WO3·nH2O.  
 
Figure 3. a) Crystallographic structures of monoclinic WO3·2H2O and WO3. b) CVs 
curves of WO3·2H2O and c) WO3 under different scanning rates respectively.[67] d) 
Schematic representation of orthorhombic Nb2O5.[69] e) Schematics of restacked 
non-intercalated and intercalated 1T MoS2 nanosheets; f) CVs of 1T phase MoS2 
nanosheet paper; g) Evolution of the volumetric capacitance of the 1T phase MoS2 
electrodes.[70] 
MoO3 has also been regarded as a very promising material for SCs with a 
theoretical capacity of 1005 C g
-1 
in the aqueous electrolyte. Studies of MoO3 for both 
aqueous SCs and Li-ion SCs have been reported.[71-73] MoO3 has an orthorhombic 
layered structure formed by stacking bilayer sheets of MoO6 octahedra through van 
der Waals forces. This layered structure facilitates the fast 
intercalation/de-intercalation of electrolyte cations such as Li
+
, K
+
, and H
+
, which can 
generate intercalation pseudo-capacitance. In spite of this, MoO3 suffers intrinsic low 
conductivity and irreversible phase transition during charge storage process. To 
alleviate the drawbacks, creating mesoporous structure assembled by α-MoO3 
nanocrystals[74] and introducing oxygen vacancies[71] have been proved promising 
approaches to boost the charge storage kinetics and enhance cycling stability of MoO3 
for Li-ion SC applications. For SCs using acidic aqueous electrolyte, α-MoO3 
embedded with graphene material has been reported to have high capacitance, rate 
capability and cycling stability. A high capacitance of 527 F g
-1
 (at 1 A g
-1
) and 100% 
retention after 10 000 cycles have been demonstrated with the α-MoO3/graphene 
composite.[75]   
Nb2O5 has attracted great interests as a highly active electrode material to show 
the intercalation posedo-capacitance. The merits of Nb2O5 include high theoretical 
capacity (~ 200 mA h g
-1
) for Li-ion storage and outstanding structural stability which 
does not experience obvious phase or volume change during Li-ion 
intercalation/de-intercalation process.[76] The chemical reactions in the charge 
storage process of Nb2O5 in Li ion SCs can be described as: 
 Nb2O5 + xLi
+ 
+ xe
− ↔ LixNb2O5 (x  2)  
Mesoporous orthorhombic Nb2O5 (T-Nb2O5) is an ideal candidate for intercalation of 
Li ions due to its layered crystalline structure as shown in Figure 3d.[69] Natural 
tunnels are provided by empty octahedral sites between (001) planes for fast 
intercalation of Li ions. However, its low electric conductivity (~3.4×10-6 S cm-1) 
reduces the electron transport efficiency which in turn influences the charge storage 
ability negatively. Compositing nanocrystal Nb2O5 with high conductive carbon 
nanomatrix has been demonstrated as a possible strategy to overcome this drawback. 
The most recent breakthrough was demonstrated by hybridizing microporous 
pyroprotein nanoplates with Nb2O5 nanoparticles.[77] The Li-ion HSC based on the 
composite material showed a cycling stability of over 30 000 cycles, which is the 
most stable Li-ion SC based on the Nb2O5 reported to date.  
TiO2 and its derivatives like Na2Ti2O5−x are widely used for aqueous, Li-ion and 
Na-ion based SCs.[78, 79] They have ultra-high electrochemical stability and efficient 
hydrogen evolution reaction (HER) overpotential in aqueous electrolyte. The main 
hurdle of this type material is their intrinsic low conductivity and sluggish cation 
intercalation/de-intercalation kinetics. A sophisticated design of TiO2 nanostructure 
was reported by Tang et al. to enhance its SC performance.[80] Multi-layered 
hydrogenated TiO2 phase nanowire array with carbon coating was made. The 
nanowire array structure provides a high surface area for efficient ionic diffusion and 
abundant active sites for redox reaction while carbon coating generates a continuous 
electronic pathway for charge transport. The hydrogenated TiO2-II has an enhanced 
electron donor density (Ti
3+
 sites) and possesses a much improved intrinsic 
conductivity than pristine TiO2. Consequently, as-prepared ML-HTO shows a high 
specific capacitance of 710.7 mF cm
-2
. An aqueous hybrid SC based on the ML-HTO 
showed a wide voltage window of 2.4 V, high energy density of 90.3 Wh kg
-1
 and 
65.7% capacitance retention after 10 000 cycles. 
3.2.2. Transition metal sulfides 
Two-dimensional (2D) layered sulfides, MS2 (where M represents Mo, V, Ti, 
etc.), have the features that metal atoms are bonded by covalent bonds to form S-M-S 
layers and the individual layers are attracted through van der Waals force,[81, 82] 
making them ideal electrode material for accommodating ions such as H
+
, Li
+
, Na
+
, 
K
+
 and Mg
2+
 between the interlayer space to give rise to intercalation 
pseudo-capacitance (Figure 3e).[83-85] The research on transition metal sulfides for 
intercalation pseudo-capacitance is relatively limited compared to metal oxides, and 
only a few investigations have been reported to date. It is found that the 
intercalation/de-intercalation of the ions between S-M-S layers suffers sluggish 
kinetics. Therefore, increasing the electrical conductivity and enlarging the interlayer 
spaces are very important for better performance, especially for rate performance. 
Fortunately, some transition metal sulfides are found to possess metallic conductivity, 
such as 1T-MoS2[70] and VS2,[86] which have been investigated as electrode 
materials for SCs. Chhowalla et al.[70] reported that 1T phase MoS2 nanosheets 
showed a metallic conductivity of 10~100 S cm
−1
, which is about 10
7
 times higher 
than that of the semiconducting 2H phase counterpart. The electrode material can 
electrochemically intercalate H
+
, Li
+
, Na
+
 and K
+
 with extraordinary efficiency 
(Figure 3f). 1T-MoS2 nanosheets delivered about 20 times higher specific capacitance 
than the 2H-MoS2 and achieved capacitance ranging from 400 to 700 F cm
−3
 
depending on the composition of aqueous electrolytes (Figure 3g). In contrast, the 
semi-insulating 2H MoS2 phase displayed low specific capacitance values and rate 
performance [87-90] due to its low electrical conductivity. The work demonstrates the 
important effect of the material conductivity on their electrochemical performance. 
VS2 is another sulfide electrode material that has been investigated for SC 
applications. Xie and co-workers[86] found that the monolayered VS2 sheets have 
metallic behavior with a high microscopic 2D electric conductivity. In their work, the 
ultrathin VS2 nanosheets were used as electrodes for in-plane SCs and achieved a 
specific capacitance of 4760 μF cm-2. In addition, Zang et al.[91] reported that TiS2 
coated vertically aligned carbon nanotubes have attractive intercalation 
pseudo-capacitance. The material showed a capacitance of 195 F g
−1
 with extended 
working potential over 3 V in a Li-rich “water-in-salt” electrolyte and 95% of 
capacitance retention after 10 000 GCD cycles. The composite based symmetrical SC 
demonstrates an energy density of 60.9 Wh kg
−1
, which is much higher than other 
electrode materials such as metal oxides, conducting polymers, 2D transition metal 
carbides (MXene), and other transition metal dichalcogenides.  
3.3.  Battery-type materials 
Transition metals Ni, Co, Cu, Cd, Mn
II
 and Fe based oxide/hydroxide, sulfide, 
selenide and phosphide materials can react with OH
-
 in alkaline media in SC devices. 
The low valance transition metals are oxidized to higher valance state to release 
electrons in the charging process, and then reduced to its original state in the reverse 
discharging process. Therefore, the low valance compounds experience at least one 
phase change in each charge and discharge process, resulting in battery charge storage 
behavior. These materials are very attractive for HSCs because they show comparable 
kinetics to the capacitor-type material after special designing while possessing high 
electrochemical activity due to the battery charge storage process. 
3.3.1. Transition metal hydroxides 
Transition metal hydroxides store charges through deprotonation/protonation 
(i.e. O-H bond breaking/reconstitution) reaction with the participation of OH
-
 in the 
electrolyte. The redox reaction can be expressed as[92]: 
M(OH)2+OH
−↔ MOOH+H2O+e
−
 
M stands for metal cations Ni or Co. Especially for Co(OH)2, the oxidative product 
CoOOH can have further deprotonation reaction and conduct the second redox 
reaction[9]: 
CoOOH+ OH
− ↔ CoO2+H2O +e
−
 
Transition metal hydroxides contain α and β phase crystal structures. The β 
phase hydroxide has a brucite-like structure which is composed of hexagonal layered 
structures with a stoichiometric composition of hydroxide anions and metal cations 
that occupy alternate rows of octahedral sites respectively. The β-form is very easy to 
be synthesized and therefore has been firstly used for HSC applications. In contrast, 
the α-form hydroxides have a hydrotalcite-like and turbostratic-disordered structure 
which is composed of positively charged hydroxyl-deficient M(OH)2-x layers 
intercalated by anions. Due to the intercalation of anions, α-phase hydroxide materials 
generally have a larger interlayer spacing (> 7.0 Å) than their β-phase (4.6 Å), 
resulting in a much higher electro-activity than the latter. However, the α phase 
material is normally structurally vulnerable and can be reversibly transformed into β 
phase in alkaline electrolyte. The β phase is also a low electrical conductivity p-type 
semiconductor and has metastable crystal structure,[93] resulting in a sluggish charge 
storage process and therefore a poor capacity retention rate and short cycle lifetime. 
Attempts to solve the cycling stability problem of the Ni, Co based hydroxides 
through use of ultrathin hydroxide nanosheets have been reported.[94] Single-layer 
β-Co(OH)2 nanosheets provide a large surface area and 100% exposed hydrogen 
atoms which are the main electroactive sites for their electrochemical energy storage. 
As a consequence, the material exhibited a much higher specific capacitance than 
other forms of Co(OH)2. The all-solid-state HSC based on the single-layer β-Co(OH)2 
showed 93.2% of capacitance retention after 10 000 CV cycles. Furthermore, the 
introduction of additional metal cations to stabilize the crystal phase can also enhance 
the cycling life of SC electrode material. For example, Xie et al.[95]  reported that 
Mg-Ni(OH)2 material showed 95% of the initial capacitance after 10 000 cycles at 10 
A g
-1
 while the capacitance of pure Ni(OH)2 only had capacitance retention rate of 51% 
after merely 3000 cycles. 
An important type of hydroxide that should be discussed in particular is the 
binary metal cation based layered double hydroxide (LDH) materials. As shown in 
Figure 4a, the LDH has a hydrotalcite-like crystalline structure with a general 
formula of [M
II
1-xM
III
x (OH)2]
x+ 
[A
n−
x/n]
x-
·mH2O,[92, 96-98] in which M
II 
and M
III
 are 
divalent and trivalent metal cations that form octahedral host layers and A
n−
 
represents charge-balancing anions such as CO3
2-
, NO3
2-
, and water molecules 
existing in the interlayers. The LDH can achieve enhanced SC performance compared 
to single metal hydroxide material because the additional metal cations can 1) 
stabilize the layered structure to achieve a higher cycling stability and rate capability; 
2) generate strong synergistic effects in enhancing the SC performance of binary 
metal based LDH materials. The mostly investigated Ni-Co LDH shows a strong 
synergistic effect between Ni and Co to achieve considerable charge storage ability 
and long cycling stability. Other binary metal LDH including NiMn LDH, CoAl 
LDH, and NiAl LDH have also been reported to be able to demonstrate a long-term 
cycling lifetime of over 10 000 cycles.[99] 
 Figure 4. a) Hydrotalcite-like crystalline structure of classical binary metal based 
LDH materials.[96] b) NiCo2O4 cubic spinel structure.[100] c) CV curves, d) GCD 
curves, e) specific capacitances, and e) long-term cycling stability of the NiCo2O4/3D 
graphene network electrode.[101] 
In addition, transition metal oxyhydroxides including CoOOH and NiOOH also 
have the potential of delivering high cycling lifetime in SCs. This type of material has 
a nonstoichiometric composition with a layered structure and a good electric 
conductivity due to the high oxidation states of transition metal cations, which are 
beneficial for fast electron and electrolyte ion transportation. For example, it is 
reported that CoOOH has a conductivity of 5 S cm
-1
[102]. With proper synthetic 
strategies, CoOOH can reach a considerably high specific capacity and a long term 
cycling stability of over 10 000 cycles.[102, 103]  
3.3.2. Transition metal oxides 
Transition metal oxides such as Fe2O3, NiO, CoO, and Co3O4 have also been 
extensively studied as HSC electrode materials mainly because of their ultra-high 
theoretical capacity, natural abundance and simple synthetic approaches to achieve 
controlled morphologies, structures, sizes and composition. Some reports have shown 
that these transition metal oxides can be very stable for long-term charge-discharge 
cycling. For example, flower-like Co3O4 composed of mesoporous hexagonal 
nanosheets demonstrated a capacitance retention rate of 96.07% after 10 000 GCD 
cycles at 5 A g
-1
.[104] Guan et al.[105] reported that two-dimensional (2D) 
metal-organic framework (MOF) derived Co3O4 delivered extraordinarily cycling 
stability of 85.5% capacitance retention even after 20 000 cycles. However, in most 
cases, it is challenging to achieve such high cycling performance. The major hurdles 
for battery type transition metal oxides are their poor electrical conductivity due to 
their semiconductor or even insulative nature, and reduced electrochemical activity 
compared to hydroxides. Therefore, lots of efforts have been devoted to enhancing the 
electrocapacitive performance of transition metal oxides for SC applications. 
Metal oxides using multiple metal cations normally show much higher electric 
conductivity and electrocapacitive activity than single metal oxides and therefore have 
attracted great attentions. For instance, ternary NiCo2O4 has a spinel structure with Ni 
cation occupying the octahedral sites and Co cations on both octahedral and 
tetrahedral sites (Figure 4b).[100] Both Ni and Co ions show mixed valence states of 
+2 and +3, so the oxide has a general formula of Co
2+
1-xCo
3+
x(Co
3+
Ni
2+
xNi
3+
1-x)O4 
(0<x<1).[106] The multivalences of transition metals lead to a relatively high 
electrical conductivity NiCo2O4 with a reported value up to 62 S cm
-1
 for single 
crystal NiCo2O4 and 0.6 S cm
-1 
for polycrystalline sample at 300 °C,[107] which are 
at least two orders of magnitude higher than single metal oxides of NiO and Co3O4. 
At the same time, the coexistence of Ni and Co enables NiCo2O4 better 
electrochemical activity for HSCs. Zhou et al.[101] synthesized NiCo2O4 /3D 
graphene network electrode. As shown in Figure 4c and d, a pair of redox peaks in the 
CV curves and charge/discharge plateaus clearly indicate the battery charge behavior 
of NiCo2O4. The obtained product showed a considerably high specific capacity, an 
outstanding rate capability even at a high current density of 200 A g
-1
 (Figure 4e), and 
a very long cycling lifetime (only 6% capacitance loss after 14 000 cycles at 100 A 
g
-1
) (Figure 4f). Similarly, other multiple metal oxides including NiMoO4,[108] 
ZnFe2O4,[109] FeCo2O4,[110] and Ni3V2O8[111] have also been fabricated and 
showed excellent charge storage capability and robust cycling stability. 
3.3.3. Transition metal sulfides 
Besides oxides and hydroxides, transition metal sulfides are another important 
family of battery materials for HSCs because of their desirable properties including 
higher electric conductivity, improved electrochemical activity, and the diversity of 
stoichiometric chemistry compared to metal oxides. The sulfides can be prepared by 
using solution-based methods, thus avoiding the annealing step normally used in 
preparation of oxides. The elimination of the annealing step allows the material to 
maintain a low crystallinity, thus a high specific area for more electroactive sites and 
good hydrophilic properties for aqueous electrolytes. Furthermore, many transition 
metal sulfides have demonstrated higher conductivity. Some of them like NiCo2S4 and 
α-NiS even possess metallic conductivity feature, which is very important to boost the 
power performance. 
Similar to the oxides, transition metal sulfides give battery charge storage 
behavior by reversible surface redox reactions of transition metal ions with OH
-
. The 
process can be expressed as: 
 MS + OH
– ↔ MSOH + e– 
where M represents the transition metal. To utilize the redox reaction, alkaline 
electrolytes must be used because they are essential for the surface redox 
reaction.[112] Despite the fact that most of the transition metals can coordinate with 
sulfur, only those with multivalence state are feasible for redox reactions. While 
transition metal sulfides are important electrode materials with respect to their 
theoretical specific capacity, only a few electrode materials in this family have 
demonstrated cycling stability higher than 10 000 cycles.[87, 112-114] Attempts have 
been made to overcoming these barriers aiming for HSC applications. 
One of the attempts was to build micro-nano transition metal sulfide structures. 
The most successful one was reported by Chen et al.[115] They made NiCo2S4 
sea-urchin-like structure (Figure 5a). The material displayed significantly improved 
electrocapacitive properties including electric conductivity, electrocapacitive activity, 
cycling stability and rate capability in comparison with single metal Ni or Co sulfide 
(Figure 5b). After 5 000 GCD cycles at 20 A g
-1
, the material still retained 91.4% of 
its initial specific capacity, demonstrating its potential as ultra-long lifespan SC 
materials. The intrinsic physical properties of NiCo2S4 was investigated using both 
computational and experimental techniques by Xia et al.[116] It is found that there is 
a strong hybridization between the S p electron states and the Ni and Co d electron 
states near the Fermi level (0 eV), as well as a positive temperature coefficient of 
resistance from electron-phonon scattering in the temperature range of 40-300 K. This 
study confirmed that NiCo2S4 has metallic behaviour with a room temperature 
resistivity of around 10
3
 μΩ·cm and a high carrier density comparable to silver 
(3.18×10
22
 cm
−3
 for NiCo2S4 and 8.37×10
22
 cm
−3
 for silver). These important physical 
properties make NiCo2S4 attractive for high-rate HSC applications. A subsequent 
study by Chen et al.[117] showed that the electrochemical performance of NiCo2S4 
was directly related to the atomic ratio of Ni/Co. The best performance was found 
with a Ni/Co ratio = 1 (Figure 5c). Therefore, tuning the composition of the transition 
compound offers another opportunity for one to optimize the electrocapacitive 
performance of multiple transition metal sulfides.  
The pioneering work by Chen and co-workers has inspired many researchers to 
explore other bimetal sulfides for SCs. To date, bimetal sulfides including Ni-Mn 
sulfides,[118] Co-Mn sulfides,[119, 120] Zn-Co sulfides,[121-123] Zn-Ni 
sulfides,[124] NiV2S4,[125] Ni-Mo sulfides,[126] and NiGa2S4,[127] have been 
investigated. In general, the binary metal sulfides delivered promising 
electrocapacitive performance than the monometal sulphides and some of the 
materials demonstrated long cycling lifespan up to 10 000 cycles. For example, Tong 
et al. synthesized Zn-Co sulfide nanosheets on nitrogen doped graphene/carbon 
nanotube film, which showed increased specific capacity after 10 000 GCD 
cycles.[122] Wang and co-workers reported that MnCo2S4 on carbon cloth 
demonstrated 87% retention after 10 000 GCD cycles.[120] In spite of the current 
advancement of bimetal sulfides, future research of understanding energy storage 
mechanism in metal sulphides is highly needed to enhance their performance in SCs 
by using in-situ characterization techniques combined with computational simulation 
and modeling tools. 
 
Figure 5.  a) SEM image of the sea-urchin-like NiCo2S4. b) The specific capacitance 
of NiCo2S4, NiCo2O4 and monometal nickel sulfide, and cobalt sulfide.[115] c) The 
specific capacitance of the Ni-Co sulfides with different Ni to Co ratios of n:(3-n), 
where n=0, 1, 1.5, 2 and 3.[117] d) SEM image of Ni foam supported Ni2P nanosheet 
electrode and its e) CV and f) specific capacitance value at different current 
densities.[128] g) Temperature dependence of resistivity of the Co0.85Se and (Ni, 
Co)0.85Se.[129] h) The long-term cycling stability of the Ni3Se2 nanostructures on 
conductive fabric electrode at 10 A g
−1
 in redox electrolyte.[130] 
3.3.4. Transition metal selenides and phosphides 
Inspired by the excellent performance of sulfides, transition metal selenides and 
phosphides have also been investigated for HSC applications. Selenium and 
phosphorus are typical metalloid elements of the chalcogen and nitrogen groups, 
respectively. They have lower electronegativity and larger atomic radius than sulfur 
and oxygen, which in turn leads to different physical or chemical properties in the 
corresponding transition metal selenides and phosphides compared to their sulfide and 
oxide counterparts. Most selenides and phosphides are battery-type materials, which 
involves surface redox reactions of Ni, Co based cations in an alkaline electrolyte for 
charge storage. Therefore, the redox reaction is determined by the properties of metal 
cations. 
Transition metal-phosphorus bond has a lower Δχ (χ represents Pauling 
electronegativity), giving rise to a better electric conductivity of transition metal 
phosphides.[131] Chen and co-workers[128] reported that a Ni foam-supported Ni2P 
nanosheet electrode (Figure 5d) displayed a higher electrocapacitive activity than the 
oxide and hydroxide counterparts (Figure 5e). An ultrahigh specific capacity was 
achieved with the Ni2P electrode (Figure 5f), which also showed good cycling 
stability with the capacity remained steady from 2000 to 5000 GCD cycles. However, 
the rate performance of the Ni2P nanosheet electrode was poor with only 32% specific 
capacitance remained when the current density was increased from 2.5 A g
-1
 to 83.3 A 
g
˗1
. Studies have shown that CoPx has good rate performance and cycling 
stability.[132, 133] Improved electrocapacitive performance can be realized by 
synthesizing bimetallic nickel cobalt phosphide. Ding et al.[134] reported that the 
electrocapacitive performance of ternary Ni-Co-P electrode can be tuned by changing 
the Ni/Co ratio, and the Ni8-Co1-P compound showed the highest specific capacitance 
and best rate capability. Alshareef and co-workers[135] reported a low-temperature 
PH3 plasma method to synthesize bimetal porous NiCoP nanoplates on carbon paper. 
A specific capacity of 194 mAh g
−1
 at 1 A g
−1
 and good rate performance of 87% 
capacity retention at 10 A g
−1
 were achieved. Wence et al.[136] reported the 
fabrication of free-standing amorphous nanoporous NiCoP by electrochemically 
delloying process, which showed outstanding cycling stability of 85.3% capacity 
retention after even 20 000 cycles under 1 A cm
-3
. 
The recent limit research on transition metal selenides shows they could be 
promising battery type electrode materials for HSCs as well. A linear increase of 
resistivity of Co0.85Se with temperature indicates a metallic nature of the material 
(Figure 5g).[129] Ni-doping can further increase the electric conductivity of Co0.85Se. 
The (Ni,Co)0.85Se material exhibits an electric conductivity comparable to platinum 
(1.67×10
6
 S m
−1
 for (Ni,Co)0.85Se and 9.1×10
6
 S m
−1
 for Pt). Similar phenomenon was 
also observed for CoSe2 and Ni0.33Co0.67Se2.[137] For HSC application, Yu et al.[130] 
reported that Ni3Se2 nanostructures grown on conductive fabrics exhibited a specific 
capacity of 119.6 mA h g
−1
 at 2 A g
−1
, which retains 79% of the specific capacity at 2 
A g
−1
 and showed no decay in specific capacity after 5 000 GCD cycles in redox 
electrolyte (Figure 5h). Banerjee et al.[138] reported that hollow Co0.85Se nanowire 
arrays on carbon fiber paper had areal capacitance value ranging from 930 to 600 mF 
cm
−2
 (65% retention) as the current density increased from 1 to 15 mA cm
−2
. 
Recently, Chen et al. found better electrocapacitive performance for bimetallic Ni-Co 
selenides.[25] By tuning the ratio of Ni/Co, they obtained the best specific 
capacitance and better rate performance with the Ni0.67Co0.33Se material. In addition, 
as demonstrated by Peng et al.,[139] NiSe@MoSe2 nanosheet array delivered a 
specific capacity of 128 mAh g
−1
 at 1 A g
−1
 and superior rate performance of about 
76% capacity retention.  
In summary, the intrinsic properties of transition metal oxides, hydroxides, 
sulfides, selenides, and phosphides including the proper crystal structures, high 
electric conductivity, and charge storage mechanism together decide the 
electrochemical performance of the electrode materials. Table 2 summarizes the 
up-to-date representative star-performing electrode materials based on transition metal 
oxides, hydroxides, sulfides, selenides, and phosphides for SC applications. Most SCs 
showed impressive long-term cycling stability (>10000 cycles), decent rate capability 
and high energy density. Factors that contribute to the outstanding performance of 
these SC devices are discussed below. 
 
 
 
Table 2. Summary of electrochemical performances of the recently reported transition 
metal oxides, sulfides, selenides, phosphides compounds. 
Electrode 
Materials 
Specific Capacitance Rate Capability 
Cycle lifetimes 
(cycles) 
Energy Density of 
SCs 
Referenc
es 
RuO2 480 F g
-1 at 0.6 A g-1 361.4 F g-1 at 12 A g-1 10 000 (92.7 %) 30.9 Wh kg-1 [140] 
MnO2 753.8 F g
-1 at 1 mV s-1 - 20 000 (103.7 %) 48.88 Wh kg-1 [52] 
MoO3 285 F g
-1 at 0.5 A g-1 124 F g-1 at 10 A g-1 10 000 (76.0 %) 21.03 Wh kg-1 [141] 
NiO 982 F g-1 at 1 A g-1 276 F g-1 at 10 A g-1 10 000 (92.6% ) 51.5 Wh kg-1 [142] 
Co3O4 823.4 F g
-1 at 1 A g-1 653.7 F g-1 at 15 A g-1 10 000 (93.6 %) 46.7 Wh kg-1 [143] 
NiCo2O4 658 F g
-1 at 1 A g-1 515 F g-1 at 20 A g-1 10 000 (93.5% ) 23.9 Wh kg-1 [144] 
Mg-Ni(OH)2 1931 F g
-1 at 0.5 A g-1 1496 F g-1  at 20 A g-1 10 000 (95%) 57.9 Wh kg-1 [95] 
Co0.75Ni0.25(OH)2 1460 F g
-1 at 1 A g-1 1153 F g-1 at 100 A g-1 10 000 (80.8%) 31.6 Wh kg-1 [145] 
Ni (OH)2 1748 F g
-1 at 0.2 A g-1 1395 F g-1 at 20 A g-1 10 000 (90.0%) - [146] 
Mg-Al LDH 1334 F g-1 at 0.2 A g-1 1092 F g-1 at 20 A g-1 10 000 (87%) 118.44Wh kg-1 [147] 
NiS 5.59 F cm-2 at 10 mA cm-2 4.53 F cm-2 at 20 mA cm-2 10 000 ( 94.9% ) 4.56 mWh cm-2 [148] 
NiCo2S4 1557 F g
-1 at 1 A g-1 1000 F g-1 at 20 A g-1 10 000 (92.6%) - [149] 
Co9S8 788.9 F g
-1 at 1 A g-1 448.9 F g-1 at 20 A g-1  10 000 (94.2% ) 19.6 Wh kg-1 [150] 
MoS2 683 F g
-1 at 1 A g-1 310 F g-1 at 15 A g-1 10 000 (85.1% ) 20.42 Wh kg-1 [151] 
NiSe-CoSe 584 C g-1 at 1 A g-1 338.7 C g-1 at 50 A g-1 6 000 (91.7% ) 41.8 Wh kg-1 [152] 
Ni3Se2 119.6 mAh g
-1 at 2 A g-1 94.7 mAh g-1 at 20 A g-1 5 000 (96.0% ) 32.8 Wh kg-1 [130] 
NiSe@MoSe2 223 F g
-1 at 1 A g-1 178 F g-1 at 15 A g-1 5 000 (91.4%) 32.6 Wh kg-1 [139] 
CoP 610 F g-1 at 1 A g-1 341.6 F g-1 at 20 A g-1 50 000 (86.4%) 39 Wh kg-1 [153] 
NiP 556 C g-1 at 1mA cm-2 412 C g-1 at 20 mA cm-2 4 000 (95.5%) 37.18 Wh kg-1 [154] 
NiCoP 1448 F g-1 at 1 A g-1 1173 F g-1 at 16 A g-1 5 000 (100%) 22.8 Wh kg-1 [134] 
Cycle number with capacitance retention in brackets. 
4. Key factors affecting electrochemical properties of transitional metal 
based electrode materials 
Based on the analysis of previously published papers on high performance SCs 
using transition metal oxides/hydroxides, sulfides, selenides and phosphides with 
outstanding cycling stability, we propose four key factors that can significantly 
influence the cycling stability and simultaneously enhance the energy and power 
electrochemical performance of transition metal compounds for SCs: 1) Material 
morphologies and nanostructures construction; 2) material composition tuning; 3) 
interface engineering; 4) design of composite electrode materials. Recent novel 
strategies in optimizing above four aspects will be discussed in detail in the following 
part. 
4.1.  Morphology and nanostructuring 
The morphology and microstructure of an electrode material greatly influence 
the accessible areas and diffusion pathway of electrolyte ions and structural stability, 
which in turn determines the capacitive rate and cycling performance of the SC cells. 
High active transition metal based materials are normally composed of particles with 
size ranges from tens of nanometers to a few micrometers. This is based on the 
consideration of the trade-off between high surface area and reduced electrochemical 
stability of small particle size.[155] Small nanoparticles usually have high surface 
energy and therefore are easy to aggregated together which reduces the material 
stability and accessible specific surface area for electrochemical reactions. 
Construction of nanostructures to increase the structural stability and electroactive 
sites and reduce diffusion distances for electrolyte ions for improved SC performance 
has attracted lots of research interests. Some promising structures such as 3D 
micro-nano structure, porous structures, and hollow structure, have been reported to 
enhance SC performance. 
3D micro-nano structures can incorporate numerous nanocomponents into the 
microscale structure while maintaining the unique properties of the components at the 
nanoscale. Different microstructures generally result in very different SC 
performance. For example, Chen et al.[156] prepared MnO2 with different 
morphologies including nanosheets assembled micro-flower spheres, nanofiber 
assembled micro-flower spheres, and tube structures by simply changing 
hydrothermal reaction time (Figure 6a-f). Among them, δ-MnO2 with nanosheets 
assembled spheres morphology (referred as MnO2-1h) exhibited the best charge 
storage ability (Figure 6g and h) and outstanding cycling stability owing to the highest 
BET surface area (201.65 m
2
 g
-1
), layered crystalline structure and unique 
morphology. By using different precursors, four different morphologies including 
urchin-, tube-, flower-, and cubic-like NiCo2S4 microstructures were synthesized by 
Zhang et al.[157] (Figure 6i-l). As demonstrated by the CV results (Figure 6m), the 
particle morphology greatly influences the electrocapacitive performance of NiCo2S4. 
The tube-like NiCo2S4 showed the best capacitive performance with its specific 
capacitance of 1048 F g
–1
 at 3 A g
–1
 (Figure 6n). Clearly, tailoring material 
morphology and construction of 3D micro-nano structures are effective strategies to 
obtain superior electrocapacitive performance with transition metal based electrode 
material. 
 Figure 6. (a-f) TEM images of the MnO2 nanostructures obtained with hydrothermal 
reaction times of (a) 1 h; (b) 1.5 h; (c) 2 h; (d) 4 h; (e) 8 h; (f) 12 h. g) CV curves and 
(h) specific capacitance of all MnO2 nanostructures.[156] i) SEM images of the 
NiCo2S4 with (i) urchin-, (j) flower-, (k) tube- and (l) cubic-like morphologies, 
respectively; and (m) their CV curves at 3 mV s
‒1
. (n) Specific capacitance vs. current 
density curve of the NiCo2S4 tube-like structure.[157] 
Porous structure has also been widely explored to enhance performance of 
electrode materials for SCs because of its advantageous features in the following three 
aspects: 1) it provides abundant free spaces to buffer the volume change of active 
materials under large current density cycling test; 2) porous structure can effectively 
expose inner material to electrolyte which can shorten electrolyte ion diffusion path; 
3) it can greatly increase specific surface area which provides rich electrochemical 
active sites for electrochemical charge storage process. Rationally designed porous 
transition metal compounds have been reported for better SC performance. Ding et al. 
fabricated mesoporous nanosheets assembled micro-flower structure Co3O4 which 
showed a high specific capacitance and long-term cycling stability of 96.07% 
retention at 5 A g
-1 
after 10 000 cycles.[104] Chen et al.[117] synthesized porous 
Ni-Co sulfides with different Ni to Co ratios. The optimum Ni1.5Co1.5S4 showed a 
specific capacitance of 1093 F g
–1
 at 1 A g
–1
 and a good rate capability of 69% at 50 
A g
–1
. The Ni1.5Co1.5S4 based SC cell shows a capacitance retention of 90.5% after 
5000 cycles. However, despite the porous structure, the specific areas of reported 
sulfides, selenides and phosphides are only around several m
2
 g
–1
 to dozens of m
2
 g
–1
, 
which is very low compared to oxides. Tuning the distribution and regularity of pores 
should be able to increase the specific area and facilitate the efficient 
electron/electrolyte ions diffusion, thus enhancing the electrocapacitive performance 
of the electrode materials. The research in this area is very limited currently and 
deserves more research effort to fill the important knowledge gap in the future. 
Hollow structure has also been investigated as a promising structure for 
boosting the SC performance of transition metal based materials based on the 
consideration of :[17] 1) the hollow interior exposes more atoms on the electrode 
material surface for better contact with electrolyte and shortens electrolyte ion 
diffusion distance; 2) the hollow structure can stabilize the encapsulated electroactive 
materials and effectively alleviate the volume strain during charge/discharge cycling; 
3) the porosity, thickness and surface derivatization of the shell structure can be 
controlled to tailor the electrochemical performance of electroactive materials for 
SCs. Single-shelled hollow structure has been reported with a series of transition 
metal compounds to obtain high electrochemical performance for SCs. To fully take 
advantage of the hollow structure, the shape, size, composition and shell 
characteristics should be optimized. Take tubular structure as examples, a series of 
hollow Mn-based (Co-Mn, Ni-Mn, Cu-Mn, Zn-Mn) bimetal oxides were made using 
carbon nanofibers (CNFs) as hard templates (Figure 7a).[158] The shell is 
constructed by flake-like subunits (Figure 7b), which contribute to a higher specific 
surface area. The complex hollow structure endows Co-Mn hierarchical tubular 
structure (HTS) a high specific capacitance of 1093 F g
-1
 and 91.6% capacitance 
retention after 10 000 cycles at 10 A g
-1
. In addition, hollow tetragonal microtubes 
with ultrathin mesoporous NiCo2O4 nanosheet assembled hierarchical shell 
structure[159] showed a high specific capacitance of 1387.9 F g
-1
 at 2 A g
-1
 and an 
outstanding cycling stability of over 12 000 GCD cycles at 10 A g
-1
 (only 10.6% 
capacitance loss).   
Hollow structure with more complex features is fabricated to further enhance 
the electrocapacitive performance of electrode materials. Multi-shelled hollow 
structure is reported to possess better electrochemical performance than single-shelled 
hollow structure. This is because it can expose more inner surface active sites, has 
higher packing density and structural stability. For example, Lou et al.[160] prepared 
double-shelled hollow structures with CoS-nanoparticle assembled nanoboxes 
surrounded by outer CoS-nanosheet shells (denoted as CoS-NP/CoS-NS DSNBs) 
(Figure 7c). Owing to the hierarchical hollow nanostructure, the CoS-NP/CoS-NS 
DSNBs exhibited 89% of capacity retention after 10 000 GCD cycles, which is higher 
than the individual CoS-NP SSNBs and CoS-NS SSNBs. Guan et al. fabricated a 
series of metal oxides with onion like spheres made of multiple shells including 
Mn-Co oxide, Mn-Ni oxide, Zn-Mn oxide, Mn-Co-Ni oxide and Ni-Co oxide.[161] 
Among them, the seven-layered onion-like Ni-Co oxide (Figure 7d) showed a very 
high specific capacitance (1900 F g
-1
 at 2 A g
-1
), good rate and cycling stability 
(93.6% retention after 20 000 cycles). To further promote the electrocapacitive 
performance, the oxides were then converted to sulfide materials by ion-exchange 
method. The obtained seven-layered onion-like NiCo2S4 [162] exhibited higher 
specific capacitance which is attributed to the higher activity of sulphides. An 
outstanding cycling stability of 87% capacitance retention after 10 000 GCD cycles 
was demonstrated with the material. 
 Figure 7.  (a) Schematic illustration of the formation of HTS of Mn-based mixed 
metal oxides. (b) SEM image of Co-Mn based HTS.[158] (c) Schematic illustrated the 
synthesis procedure and TEM images of CoS-NP SSNBs, CoS-NS SSNBs and 
CoS-NP/CoS-NS DSNBs.[160] (d) Schematic illustration of the formation process of 
the multishelled onion-like Ni-Co oxide and their corresponding TEM images.[161] 
4.2.  Effect of composition of electrode materials 
Besides morphology and nanostructuring, controlling composition of transition 
metal based materials is determinative to their electrochemical performance because 
the redox reactivity and stability directly relate to the nature of transition metal 
components. Using multiple compositions of transition metals has been found to 
greatly enhance the electrocapacitive performance of the electrode material in terms 
of specific capacitance, rate capability and cycling stability. Therefore, this section 
devotes to multiple transition metal based electroactive materials for SCs.  
The significance of material composition to the electrochemical performance of 
transition metal based electrodes is clearly manifested by Ni-Co based bimetal 
electrode material system. Nickel cobalt oxides, hydroxides, sulfides, selenides and 
phosphides have been extensively investigated because of the complementary 
electrocapacitive performance of Ni and Co.[144, 163-175] In NiCo based 
compounds, Co can reduce the charge transfer resistance and improve the stability of 
the compounds while Ni promotes the electrochemical activity of the materials, 
leading to an improved specific capacity and rate capability.[25, 152] For example, 
we previously reported electrode materials based on NiCo LDH nanosheets grown on 
carbon fiber cloth (CFC).[92] The synergistic effects of Ni and Co in the material 
resulted in a much enhanced specific capacitance, rate capability, and cycling lifetime 
compared with single metal Ni and Co counterparts (Figure 8a). Chen et al.[152] 
investigated the electrocapacitive performance of Ni-Co selenides with different Ni to 
Co ratios. As shown in Figure 8b, the electrochemical performance of the selenide 
varies significantly at different Ni to Co ratio. As shown in Figure 8c, a general trend 
of specific capacity of the material is observed with the Ni/Co ratio. Specifically, the 
specific capacity of Ni-Co selenide increases with the increase of Ni/Co ratio until it 
reaches 4:2. Beyond this, further increase of Ni/Co ratio reduces its capacity. The 
bimetallic Ni-Co selenide also demonstrated better rate capability and cycling stability 
than single metal NiSe. It is attributed to its higher electrical conductivity and lower 
charge transfer resistance with the binary metal system due to the beneficial effect of 
Co in the material crystal structure.[152]  
Inspired by the phenomenon observed with Ni-Co based materials, other 
transition bimetal compounds have also been designed to enhance the electrochemical 
performance of the electrode material. Generally, the transition metal combinations 
can be divided into two types: (1) binary transition metal compounds using 
electrochemical active elements such as Ni, Co, Mn, Cu and Fe, in which both metal 
cations participate in the redox reaction at the same potential window for charge 
storage. To date, besides Ni-Co based compounds, binary metal Ni-Mn,[99] 
Ni-Cu,[98] Co-Mn,[176, 177] Ni-Fe,[178] etc. based compounds have also been 
reported; (2) the binary metal compounds made of electroactive metal and 
electrochemically unreactive metal elements, such as Zn, Al, Mg, Mo, etc.[108] The 
inert transition metal elements do not participate in charge storage reaction, but they 
can promote the electrocapacitive activity and cycling stability of electroactive 
elements. Zn-Co,[121] Zn-Ni,[124] Ni-Al,[179] and Ni-Mg[95] based materials are 
good examples of this type of electrode materials. For example, by combining 
electroactive Ni and Mn, Jiang and co-workers[118] synthesized hollow Ni-Mn 
sulfide, which showed a high specific capacitance of 1430 F g
-1
 at 0.5 A g
-1
 and a 
robust cycling stability. Peng et al. synthesized NiMoO4 nanosheets and nanorods 
arrays.[108] Among them, the NiMoO4 nanosheets showed higher specific 
capacitance of 1221.2 Fg
-1
 at 1 A g
-1
 and  better cycling stability of 89.2% 
capacitance retention after 10 000 cycles for SC application. 
 
Figure 8. a) Specific capacity comparison of NiCo-LDH, Ni-LDH, and Co-LDH 
materials.[92] b) Electrocapacitive performance of Ni-Co selenides with different No 
to Co ratios: (b) CV at 5 mV s
-1
, (c) specific capacity values as a function of current 
density. Reproduced from ref. 56.[152] d) Schematic illustration of the charge storage 
mechanisms of hydroxide by the breaking/ forming of O-H bond. e) The calculated 
deprotonation energy per chemical formula (M(OH)2) at 298.15 K. f) CV curves and 
specific capacitance of the different transition metal hydroxide/RGO composites. h) 
Cycling performance of Ni-Co-Mn-OH/rGO//p-henylene-diamine/rGO hybrid 
supercapacitor.[180] 
The great success of bimetal compounds motivates researchers to introduce 
additional metal ions to make triple or quaternary transition metal cations based 
electrode materials, aiming to enhance their SC performance. Based on the 
consideration of complementary electrochemical properties of different transition 
metal components, electroactive materials containing multiple transition metals have 
been designed and demonstrated decent SC performance. For example, because metal 
hydroxide stores charges by breaking/forming O-H bond (Figure 8d), theoretically the 
charge storage properties of hydroxides can be predicted or purposely designed by 
analyzing the deprotonation (i.e. O-H bond breaking) barriers. Liu and 
co-workers[180] analyzed the deprotonation energies of Ni hydroxides by substitution 
of Co and Mn through density functional theory (DFT) calculations. They found that 
Co-/Mn-substituted Ni hydroxides grown on RGO have low deprotonation energy and 
easy electron transport (Figure 8e). Experimentally, the composite showed improved 
specific capacity (Figure 8f and g) and cycling stability up to 10 000 GCD cycles 
(Figure 8h), which is much higher than Ni-OH/rGO, Ni-Co-OH/rGO, and 
Ni-MnOH/rGO. Chen et al. [181] synthesized amorphous Ni-Co-Mn hydroxide for 
HSC, which shows strong synergy between the Ni, Co and Mn compositions. As a 
result, the amorphous Ni-Co-Mn hydroxide exhibits superior electrocapacitive 
activity and rate performance than the corresponding bimetal hydroxides and 
monometal hydroxides alongside with good cycling stability. The amorphous 
Ni-Co-Mn hydroxide was used to assemble HSC with RGO, which show both high 
energy and power performance with 90.2% of capacity retention after 5000 GCD 
cycles. Besides, Ni-Co-Fe,[182, 183] Ni-Zn-Co,[184, 185] and Zn-Ni-Al-Co[186] 
based oxides/hydroxides have also been proved to possess promising SC 
performance. For instance, porous quaternary ZnNiAlCo based oxide (ZNACO) 
nanosheets grown on Ni foam were fabricated by Zhang et al.[186] The material 
showed high specific capacity of 839.2 C g
-1
 at 1 A g
-1
 and high rate capability with 
82% capacity retention at 20 A g
-1
. A HSC based on ZNACO nanosheets exhibited 
only 10% capacitance loss after 10 000 cycling test at 10 A g
-1
. Similarly, triple 
Ni-Co-Fe hydroxides were reported to possess much higher specific capacity, rate 
capability, and cycling stability (96% capacitance retention after 20 000 cycles) 
compared to binary Ni-Co hydroxide.[182] 
4.3.  Effect of interfaces on electrochemical performance of transition metal 
based materials 
The interfaces including solid/solid interfaces (current collector/electrode) and 
solid/liquid interfaces (electrode/electrolyte) play vital roles in determining the 
transportation kinetics of electrons and electrolyte ions, stability of electroactive sites, 
and device reliability, which in turn affect the specific capacitance, rate capability and 
cycling stability of SCs.[12] Fast Faraday charge and electrolyte ion transfer at the 
interfaces of active materials/electrolyte and active materials/substrate are essential to 
realize fast kinetics, leading to excellent rate capability and cycling stability of the 
device. Therefore, improving quality of these interfaces is very important to obtain 
high performance SCs electrodes. 
4.3.1. Electrode/electrolyte interface  
The interface between the electrode and electrolyte significantly influences the 
transportation rate of electrolyte ions, surface absorption and desorption rates of 
electrolytes and surface stability of electroactive materials. Three ways can effectively 
improve the electrode material/electrolyte interfaces: 1) element doping or 
introduction of vacancies to electrode materials; 2) surface functionalization of 
electrode materials by carbon and conductive polymer materials; 3) utilization of 
polymer based gel electrolytes. 
Element doping of transition metal compounds enhances their electrical 
conductivity or increase electroactive sites to improve the electrolyte/active material 
interfaces. The most straightforward way is to modify active materials with metal 
nanoparticles to improve the electrical conductivity. For example, Kang et al.[187] 
reported that Au doped MnO2 showed lower band gap and higher electric 
conductivity, which thus could overcome the intrinsically low conductivity of MnO2. 
Consequently, compared to pure MnO2 film, the Au-doped MnO2 material exhibited 
much better SC performance including 65% improvement of the specific capacitance 
(626 F g
-1
 at 5 mV s
-1
) and long-term stability (107% capacitance retention after 15 
000 CV cycles). In contrast, the pure MnO2 film dropped 34% of its initial specific 
capacitance after 15 000 cycles. This clearly confirms the advantage of the Au 
doping. Another method to increase the donor densities and material conductivity is 
by introducing oxygen vacancies in the electrode material. Lu et al. synthesized 
hydrogenated TiO2 nanotube arrays (NTAs) by calcination of anodized TiO2 NTAs in 
H2 atmosphere (Figure 9a and b).[188] The designed heating treatment creates 
oxygen vacancies (Ti
3+
 sites) which serve as electron donors for TiO2 and greatly 
increase the carrier density. As a result, the hydrogenated TiO2 (H-TiO2) showed 40 
times’ higher capacitance than the TiO2 annealed in air (Figure 9c). Moreover, 
remarkable rate capability (68% areal capacitance retention when scan rate was 
increased from 10 to 1000 mV s
-1
) and robust cycling stability with merely 3.1% 
capacitance loss after 10 000 cycles were achieved with the material, which are much 
higher than both untreated and air-annealed TiO2. Similarly, O2
2-
/O
-
 vacancies have 
the ability to enhance electron donor density (Co
2+
 sites) and improve the faradaic 
reactions of Co3O4.[189] The oxygen-deficient Co3O4 achieved long-term cycling 
stability and high specific capacitance. The optimized O2
2-
/O
-
 modified Co3O4 
nanorods even exhibited 3.1% capacity increase after 50 000 CV cycles at 100 mV s
-1
.  
Furthermore, anion-doping has recently been used to increase the electrocapacitive 
performance of active materials by promoting electroactive sites for charge storage. 
Take V6O13 as an example to show its effect. The slightly distorted VO6 octahedra in 
the crystal structure of V6O13 facilitates the formation of low-energy defect sites. As 
illustrated in Figure 9d, Li et al.[55] found that using sulfur doping, the ion diffusion 
coefﬁcient of Li+ and charge transfer efﬁciency of the V6O13−x (VO) electrode can be 
substantially improved. Therefore, sulfur doped V6O13−x (VOS) showed much higher 
specific capacitance of 1353 F g
−1
 at 1.9 A g
−1
 than VO electrode (Figure 9e). Clearly, 
element doping and introduction of vacancies can serve as effective strategies in 
improving electrical conductivity of transition metal compounds and electrocapacitive 
activity at the electrolyte/electrode material interfaces to enhance specific capacitance, 
rate capability and long-term cycling stability of the electrode material. 
Surface functionalization improves the electrolyte/active material interfaces by 
directly introducing a stable, high conductive intermediate layer between electrodes 
and electrolytes. As shown in Figure 9f, pristine VOS has sharp capacitance 
degradation due to the dissolution of V(III) oxide in the electrolyte which forms 
soluble vanadate ions during electrochemical cycling.[55] By applying a thin layer of 
carbon coating, the irreversible chemical dissolution of V
3+ 
can be suppressed 
effectively, leading to outstanding capacitance retention of 92.3% after 10 000 cycles. 
Conductive polymers including polyaniline (PANI)[190] and polypyrrole (PPy)[191] 
are also able to improve surface properties of transitional metal based electrode 
materials thanks to their high electrical conductivity and stability. He et al.[50] 
reported that PANI modified NiCo2S4 nanosheets on carbon cloth showed much 
higher specific capacitance and better rate performance (Figure 9g and h). This is 
ascribed to the enhanced stability of the electrode/electrolyte interface and enhanced 
interfacial charge transport. 
In terms of electrolytes, polymer based gel electrolytes can improve the 
electrolyte/active material interfaces by stabilizing the fragile structure of crystalline 
transition metal compounds. They also contribute to enhanced contacts of current 
collector/electrode material/ electrolytes.[192-195] Both factors are indispensable for 
long cycling stability of SCs. One good example is demonstrated by a symmetrical 
δ-MnO2 nanowire capacitor which was stabilized by using a poly(methyl 
methacrylate) (PMMA) gel electrolyte.[192] The PMMA effectively strengthened the 
attachment between MnO2 shell and Au nanowire current collector and prevented the 
fractures, delamination, and separation of MnO2 from Au substrate, leading to much 
improved cycling lifetime to over 200 000 cycles.     
 
Figure 9. a) Schematic illustration of the fabrication of H-TiO2 NTAs. b) SEM image 
of H-TiO2 NTAs. c) CV curves of the untreated TiO2, air-TiO2, and H-TiO2 NTAs 
obtained at 100 mV s
−1
.[188] d) Crystal structure of V6O13 showing the direction of Li 
ion diffusion. e) CV curves of the VO and VOS electrodes, and f) cycling stability of 
VOS and carbon coated VOS electrodes.[55] g) TEM image and (h) specific 
capacitance of the NiCo2S4/PANI with different polymerization time.
[50]
 
4.3.2. Current collector/electrode interface  
The interface between active materials and current collector substrates plays an 
important role in efficient transport of electron. The interface can be improved by 
three strategies: 1) Direct growth of electroactive material arrays on current collectors 
because the binder-free structure has a better electrical contact. 2) Introducing a buffer 
layer between the substrate and the active material to realize a compact layer growth 
of active materials to achieve a fast electron collection and transportation. 3) Novel 
current collectors designing with better conductivity, higher specific surface area, and 
functionalized surface for active materials.  
Direct growth of array structured electroactive materials on current collectors 
such as Ni foam and carbon clothes (CC) can improve the electroactive 
material/current collector interface for fast and efficient electron transportation, giving 
rise to greatly improved capacitive performance than powder samples. The 
electroactive materials in the array structure can be nanoparticles,[196] 
nanowires,[197] nanotubes[153, 173] and nanosheets.[121] The higher anisotropic 
shapes of nanowires, nanotubes and nanosheets can avoid the aggregation issues of 
nanoparticles effectively. In particular, material structure based on nanotube arrays 
provides a higher specific surface area with more electroactive sites than nanowires 
while the interconnected network of nanosheet array benefits better structural 
stability. For example, Chen et al.[198] reported that the NiCo2S4 nanotube arrays 
exhibited high electrocapacitive performance even at high mass loading on Ni foam 
(Figure 10a). 67.7% of the initial specific capacitance of NiCo2S4 nanotube arrays 
was retained at 150 mA cm
−2 
(Figure 10b).   
A common issue between active materials and current collectors is the weak 
adhesion between them. Introduction of buffer layers can provide a good solution to 
this issue. As demonstrated by Li et al., application of a coating layer of N-doped 
carbon on the surface of carbon cloth (CC) to make the CC current collector 
superhydrophilic (Figure 10c)[199] was found to help the adhesion of NiCo LDH 
nanosheets on the CC substrate (CC-NC-LDH). This leads to a much improved 
cycling stability than the NiCo LDH nanosheets array grown on CC (CC-LDH) 
without the buffer layer (Figure 10d). A similar strategy was also demonstrated by 
using a PVDF-acetylene black seed layer to create a robust adhesion between 
MnO2-Ni(OH)2 3D ridge-like porous structures and Ni foam substrate, which was 
responsible for their high capacitance, rate capability and robust cycle life over 10 000 
cycles.[99] In addition to the buffer layers based on carbonaceous materials, growth 
of one layer of 3D porous metal network on conventional current collectors is another 
effective way to improve the current collector/electrode interface. The high 
conductivity and the porous structure of the metal buffer layer improve the electrical 
conductivity of active materials and dramatically enhance the surface area of current 
collector at the same time, enabling loading more active materials. As schematically 
shown in Fig. 10e, Zhang et al. designed a superconductive NiCo alloy network layer 
between the Au-nanoparticle doped-MnOx and carbon-nanotube fibers (Figure 
10f).[200] The interfacial interaction between CoNi alloy with the MnOx and the Au 
doping both dramatically improve the electrical conductivity, volume capacitance and 
cycling stability. The Au–MnOx@CoNi@CNT fiber electrode exhibits ultralong 
cycling stability with 94.1% retention of the initial capacitance after 20 000 cycles 
(Figure 10g). In addition, Zhang et al. also found that nanoporous Ni also show same 
critical role to improve the areal specific capacitance of MnOx on the surfaces of 
flexible carbon cloth.[201] The above work all prove the profound influence of using 
buffer layer to obtain good electrical contact between electroactive materials and 
current collectors for enhanced electrocapacitive properties. 
Novel nanostructured current collectors are also developed to achieve optimum 
interface between current collectors and electroactive materials. Through proper 
design, the novel current collectors can have high specific area and robust stability to 
realize intimate contact with electroactive materials.[197] The substrates including 
nanoporous Au substrate, Ni nanowire arrays, Si nanowires, and 3D graphene have 
been reported for direct growth of transition metal SC materials. For example, current 
collectors based on nanoporous Au and Ni nanowire arrays were used to deposit 
MnO2. The electrode demonstrated low contact resistance between the active material 
and the substrate and outstanding mechanical property.[51, 52] Carbonized porous Si 
nanowire was also used as a current collector for transition metal compounds.[202] 
Meanwhile, 3D graphene has been used as scaffolds for direct growth of transition 
metal based materials because of their unique interconnected macroporous structure, 
high specific areas, lightweight and flexible mechanical properties.[101, 146, 
203-210] The hydrophilic functional groups on the surface of 3D graphene help to 
obtain a compact growth of the transition metal compounds on the graphene surface. 
The 3D porous structure can not only effectively suppress the agglomeration issues, 
but also shorten diffusion length of both electron and electrolyte ions. Therefore, a 
significantly enhanced SC performance can be obtained. For example, Yu et al. 
reported the direct growth of novel honeycomb-like (NHC) CoMoO4 on 3D graphene 
foam (Figure 10h).[203] The strongly coupled CoMoO4-3D graphene (NSCGH) 
exhibited an ultra-high specific capacitance of 2741 F g
-1
 at 1.43 A g
-1
, high rate 
capability, and super long cycling stability of 96.36% capacitance retention after 100 
000 cycles (Figure 10i). Hence, developing novel current collectors for direct growth 
of transition metal materials is a powerful tool for designing high-performance SC 
electrodes. 
 
Figure 10. a) SEM and TEM image (inset) of NiCo2S4 nanotube arrays on Ni foam. 
(b)  The specific capacitance of NiCo2S4 and NiCo2O4 arrays on Ni foam.[198] (c) 
Schematic illustrations of the growth of NiCo-LDH nanosheets on CC using an 
N-doped carbon layer as the structural/interface coupling bridge (CC-NC-LDH). (d) 
Cycling stability of the pristine NiCo-LDH powder based electrode, NiCo LDH on 
CC without N-doped carbon layer (CC-LDH) and CC-NC-LDH hybrid electrodes at 
10 A g
-1
.[199] (e) Schematic illustration of fabrication process of the Au–
MnOx@CoNi@CNT fiber electrode. (f) SEM image of the as-reduced CoNi alloy on 
the CNT fiber. (g) Cycling stability of three different fiber electrodes under 10 A 
cm
−3
. [200] (h) Schematic graph of the synthesis procedure of honeycomb (NHC)-like 
CoMoO4-3D graphene hybrid electrodes and its cycling stability (i).[203]  
4.4.  Composite materials 
Composite materials based on a transition metal based material and another 
material with complementary properties, or a material that can generate synergetic 
effects with the host material have been investigated to boost the electrocapacitive 
performance of SCs. Based on the working mechanism, the composite materials can 
be classified into two types. The first type involves compositing transition metal 
compounds with carbon-based materials or conductive polymers. In the composite, 
carbon materials or conductive polymers serve as the scaffolds for transition metal 
material growth, which can increase the specific surface area, buffer the volume 
change, effectively reduce the agglomeration and improve the electric conductivity. 
The second type of composite materials contains two different transition metal based 
materials, where one transition metal compound serves as the backbone for the 
growth of the other material to form an array structure. Such structure is known as the 
“hierarchical structure”. The hierarchical structure can well prevent the aggregation of 
electroactive materials even when the particle size and mass loading increase, which 
is particularly attractive for practical application which normally requires high mass 
loading (>10 mg/cm
2
) with SCs to obtain high energy density. 
4.4.1. Composite material based on transition metal compounds with carbon 
materials and conductive polymers 
Carbon-based materials have long been considered as the first choice 
compositing matrix for transition metal oxides/hydroxides, sulfides, selenides and 
phosphides because of their high electrical conductivity and excellent material 
stability. Among the different type of carbon materials, graphene has a theoretical 
specific area of 2630 m
2
 g
-1
 and electrical conductivity of 10
6
 S m
-1
, which is an ideal 
matrix to hybridize with transition metal compounds. Table 3 summaries the most 
recently reported composite materials based on transition metal compounds and 
graphene which showed outstanding electrocapacitive performance for SC 
applications. The excellent properties of this type of composite materials are mainly 
because: 1) graphene can effectively suppress the agglomeration of transition metal 
compounds, provide a large accessible surface area for good contact with the 
electrolyte, and alleviate the volume change of the composite material during 
charge/discharge process. 2) the good electrical conductivity of graphene reduces the 
impact of poor conductivity of transition metal compounds on their electrochemical 
performance. A variety of transition metal oxide/hydroxide and sulfide materials with 
different morphologies including nanodots,[54] nanocrystals,[211, 212] 
nanowires,[213] nanosheets,[214, 215] and flower-like structure[216] have been used 
to combine with graphene to form high performance composite materials. We take 
manganese oxide/graphene composites as examples. Hu et al. prepared 
Mn3O4/reduced graphene oxide (RGO) electrode paper where Mn3O4 nanofibers were 
uniformly distributed in the RGO sheets interlayers.[217] The RGO helps to improve 
the electrical conductivity and hinder aggregation of Mn3O4. This enables a high mass 
loading of Mn3O4 without sacrificing the capacitance. The Mn3O4/RGO hybrid paper 
based ASC showed a specific capacitance of 54.6 F g
-1 
at 1 mV s
-1
 and energy density 
of 0.0055 Wh cm
-3
, and good cycling stability (85% capacitance retention after 8 000 
cycles at 2 A g
-1
). To further enhance the charge storage capability and cycling 
stability, Ma et al. fabricated MnO2/graphene composite fibers.[218] The symmetrical 
SC based on the MnO2/graphene composite fibers using a gel electrolyte exhibited a 
high specific capacitance of 66.1 g
-1
, energy density of 5.8 Wh cm
-3
, and a much 
enhanced cycling stability with 96% of initial capacitance remained even after over 10 
000 cycles.  
The electrocapacitive performance of graphene-based composites can be further 
improved by optimization of the active material on the graphene surface. Wang et 
al.[219] synthesized δ-MnO2 nanosheets on GO which were then reduced to 
MnOx/RGO composite with the MnOx nanoparticles uniformly dispersed on RGO 
(Figure 11a). The mixed-valence state Mn cations in MnOx introduce abundant 
surface redox reaction sites and strong synergistic effect with RGO. As a result, the 
MnOx/RGO composite exhibited high capacitance under high mass loading and 
ultra-long cycling lifetime with 106% capacitance retention after 115 000 cycles at 12 
A g
-1
 (Figure 11b). An ASC cell based on MnOx/RGO showed considerable energy 
density of 49.7 Wh kg
-1
 and excellent cycling stability of 96% capacitance retention 
after 80 000 cycles at 5 A g
-1
 in an ionic liquid electrolyte. Qiu’s research group[130] 
prepared edge site-enriched nickel-cobalt sulfide/rGO (Ni-Co-S/G) using the 
Kirkendall effect that involves anion exchange reaction (Figure 11c). The etching-like 
effect of S
2–
 ions forms edge site-enriched nanostructure for higher electrochemical 
activity. The Ni-Co-S/G achieved a high specific capacitance of 1492 F g
–1
 at 1 A g
–1
 
and delivered remarkable rate capability of 96% when the current density increased to 
50 A g
–1
, which are both much higher than the bulk nickel-cobalt sulfide/rGO 
(B-Ni-Co-S/G) and pure nickel-cobalt sulfide (Figure 11d). In addition, the 
Ni-Co-S/G demonstrate attractive cycling stability with 90% of capacitance retention 
after 8 000 GCD cycles and 85% of capacitance retention after 10000 cycles in ASC 
cell. 
 Figure 11.  (a) Schematic illustration of synthesis process of the rGO/MnOx 
composite and its GCD cycling stability (b).[219] (c) Schematic illustrations of the in 
situ preparation of the integrated edge site-enriched Ni-Co-S/G composite (Strategy I) 
and directly fabricated B-Ni-Co-S/G composite via the one-step hydrothermal method 
(Strategy II). (d) The specific capacitances of the pristine Ni-Co-S, integrated edge 
site-enriched Ni-Co-S/G composites, and B-Ni-Co-S/G composites.[220] 
Table 3. Comparison of electrochemical performance of transition metal compounds 
and graphene based composite materials. 
Electrode Materials Specific Capacitance Rate Capability 
Cycle lifetimes 
(cycles) 
Energy Density of 
SCs 
Referenc
es 
Graphene-nickel cobaltite 618 F g-1 at 5 mA 
cm-2  
331 F g-1 at 200 mA 
cm-2 
 10 000 (102% at 10 A 
g-1)* 
19.5 Wh kg-1 [221] 
Mn3O4/reduced graphene 
oxide (rGO) 
54.6 F cm-3 at 1 mV 
s-1  
- 8 000 (85% at 2 A g-1) 0.0055 Wh cm-3 [217] 
NiO-n/gr 2231 F g-1 at 1 A g-1 1670 F g-1 at 35 A 
g-1 
140 000 (100% at 20 A 
g-1) 
80 Wh kg-1 [211] 
2CoCO3·3Co(OH)2 (CCH) 
nanowire/N-doped graphene 
(NG) 
1690 F g-1 at 1 A g-1 1358 F g-1 at 10 A 
g-1 
10 000 (94.2% at 5 A g-1) 0.77 Wh m-2 [213] 
Fe2O3 nanodots 
(NDs)@NG-0.75 
274 F g-1 at 1 A g-1 140 F g-1 at 50 A g-1 100 000 (75.3% at 5 A g-1) - [54] 
Ni(OH)2/graphene/bacterial 
cellulose paper 
10.44 F cm-2 at 5 mA 
cm-2 
6.23 F cm-2 at 50 
mA cm-2 
15 000 (93.6% at 50 mA 
cm-2) 
- [216] 
MnO2 nanowire/graphene 
hybrid fibers 
66.1 F cm-3 at 60 mA 
cm-3* 
41.3 F cm-3 at 970 
mA cm-3* 
10 000 (96% at 0.12 A 
cm-3)* 
5.8 mWh cm-3 [218] 
 rGO@Co3O4 546 F g
-1 at 1 A g-1 496 F g-1 at 5 A g-1 10 000 (90% at 5 A g-1) - [222] 
NiAl-LDH/graphene/ 
polypyrrole 
2395 F g-1 at 1 A g-1 1719 F g-1 at 20 A 
g-1 (71.8%) 
10 000 (99.6% at 10 A g-1) 94.4 Wh kg-1 [214] 
CoNi LDH/CNx@NG hollow 
spheres 
1897 F g-1 at 1 A g-1 1108 F g-1 at 20 A 
g-1 
10 000 (107.8% at 1 A 
g-1)* 
41.2 Wh kg-1 [223] 
rGO/MnOx 202 F g
-1 at 1 mV s-1 145 F g-1 at 50 mV 115 000 (106% at 12 A 47.9 Wh kg-1 [219] 
s-1 g-1) 
Cellulose-nanofiber/Ag-nano
wire/rGO/WO3 
406.2 F g-1 at 0.5 A 
g-1* 
- 20 000 (87.4% at 2 A g-1)* 47.8 Wh kg-1 [224] 
* The results are obtained based full SC devices. The values without * are achieved purely based electrode materials. 
Other carbon materials like carbon nanotubes (CNTs) and mesoporous carbon 
are also used as matrix to enhance cycling stability and capacitance of transition metal 
materials.[111, 145, 225-232] We take MnO2/CNT composite materials as examples 
in this regard. As shown in Figure 12a, Chen et al. prepared MnO2-CNT-sponge 
hybrid electrodes for SCs through galvanostatic electrochemical deposition of MnO2 
nanoparticles on CNT coated sponge substrate.[225] Owing to the highly porous 
structure of sponge, large pseudocapacitance of MnO2 and excellent conductivity of 
CNT, the hybrid material showed a remarkable specific capacitance of 1230 F g
-1
 
(Figure 12b). The SC based on the MnO2-CNT-sponge exhibited a cycling lifetime of 
10 000 cycles with 98% capacitance retention (Figure 12c). CNT based conductive 
textile was also reported as an ideal substrate for electro-deposition of MnO2 
nanoparticles that achieved high mass loading up to 8.3 mg cm
-2
.[233] Considerably 
high areal capacitance of 2.8 F cm
-2
 was obtained with the electrode. Therefore, 
combining transition metal based materials and other carbon materials to form 
composites also holds great potential for achieving high performance SC electrode 
with robust cycling stability. 
 Figure 12. (a) Schematics of fabrication process of MnO2-CNT-sponge 
supercapacitors. (b)  The specific capacitance of MnO2-Pt and MnO2-CNT-sponge 
(all based on the mass of MnO2). (c) Cycling stability of CNT-sponge device at a high 
scan rate of 10 V/s and 40 min MnO2-CNT-sponge SCs at 5 A g
-1
.[225] (d) Synthesis 
process for the 3D network of MnO2 sheets backboned with polyaniline chains 
(MnO2/PANI). (e) SEM image of MnO2/PANI composite and specific capacitance (f) 
of MnO2/PANI, pure PANI, and pure MnO2.[127]  
Besides carbon, conductive polymers have also been employed to fabricate 
composite materials with transition metal compounds. Conductive polymers include 
Polypyrrole,[234] polyaniline (PANI),[127] and Poly(3,4-ethylene-dioxythiophene) 
(PEDOT),[235] have been reported as good candidates for this purpose. In these 
composite materials, the conductive polymer provides a good electron transport 
tunnel while the metal compounds can stabilize the conductive polymer and increase 
faradaic charge storage ability, resulting in enhanced electrochemical performance. 
For example, as shown in the schematic of Figure 12d, a simple 
electrostatic-interaction-assisted approach was used to make MnO2 sheets/PANI wires 
composites. The long chains of PANI interconnected with the MnO2 sheets to form a 
3D porous structure (Figure 12e).[127] The composite material exhibited a superior 
specific capacitance (762 F g
-1 
at 1 A g
-1
) and ultra-long cycling stability (90% 
capacitance retention after over 8 000 cycles) compared to individual MnO2 and 
PANI.  
4.4.2. Hierarchical structured composite materials 
Several methods have been reported to construct hierarchical structures using 
transition metal oxides/hydroxides, sulfides, selenides and phosphides for enhanced 
SC performance. They include: 1) Design of hierarchical structure based on transition 
metal material powder; 2) Building composite materials using binder-free array 
structure as the backbone for the growth of another material; 3) Self-assembly of the 
same transition metal compounds into hierarchical structures. For powder based 
hierarchical structured composite materials, Yan et al.[236] synthesized hierarchical 
crystalline Ni3S4@amorphous MoS2 core-shell nanospheres (NMS-5) for SC 
application. The hierarchical sample showed lower charge transport resistance than 
pure Ni3S4 and MoS2 samples, leading to a superior specific capacitance and a better 
cycling stability. Chen et al. [237] fabricated hierarchical Ni0.5Co0.5Se2 containing a 
hollow inner structure, with a 3D sea-urchin-like overall morphology and very porous 
nanowires. Benefiting from such a hierarchical structure, the Ni0.5Co0.5Se2 
demonstrates a much improved specific surface area for providing more electroactive 
sites and a self-supporting 3D structure to make good contact with the electrolyte. The 
hierarchical Ni0.5Co0.5Se2 exhibits a higher specific capacity of 524 C g
–1
 at 1 A g
–1
, a 
superior rate performance of 56% capacity retention as the specific current increases 
by 50 times and excellent cycling stability. The Ni0.5Co0.5Se2 based HSC achieves an 
outstanding cycling stability of 84% capacity retention after 10 000 cycles. 
When a transition metal compound array structure is used as the backbone of 
the hierarchical structure, the sample can fully inherit the advantages of the array 
structure and well maintain the high utilization of the electroactive materials at the 
same time. In this way, a decent electrochemical performance can be obtained even 
when the mass loading of electroactive material is increased by several folds. For 
example, Sun et al reported that hierarchical Co3O4@Ni-Co-O electrode showed a 
high specific capacitance of 2098 F g
 ˗1
 and an areal specific capacitance of 24.95 F 
cm
˗2
 at 5 mA cm
˗2
 at a very high mass loading of 12 mg cm
˗2
.[238]  
Different electroactive material arrays have been used to design hierarchical 
structure for better SC performance. Amongst, the Ni-Co sulfide array structure has 
been demonstrated to be the first choice because the metallic electrical conductivity 
and high electrochemical activity, which has been discussed above. As shown in 
Figure 13a, Xiao et al. found that NiCo2S4 nanotube arrays formed on carbon fiber 
paper (Figure 13b) can be used as backbones to grow a series of electroactive 
transition metal compounds including CoxNi1−x(OH)2, MnO2 and FeOOH (Figure 
13c).[239] It is shown that the CoxNi1−x(OH)2/ NiCo2S4 nanotube array shows much 
higher specific capacitance (2.86 F cm
−2
 at 4 mA cm
−2
) and excellent rate 
performance (84% of capacitance at 20 mA cm
−2
) (Figure 13d). The Ni-Co sulfides 
also can grow itself into a hierarchical structure by combining different structures of 
NiCo2S4. Chen et al.[240] synthesized hierarchical NiCo2S4 nanotube@NiCo2S4 
nanosheet arrays on Ni foam using a two-step method (Figure 13e). The hierarchical 
3D structure well maintains the electroactive sites of both NiCo2S4 nanosheet and 
NiCo2S4 nanotube (Figure 13f), resulting in a higher specific capacitance than 
individual NiCo2S4 nanosheet and NiCo2S4 nanotube arrays (Figure 13g). The 
self-assembled hierarchical structure is also realized by compositing Co3O4 
nanowires. As can be seen in Figure 13h, Co3O4 nanowires are coated by ultrafine 
Co3O4 nanowires on Ni foam to form a binder-free hierarchical electrode.[241] The 
core nanowires act as efficient electron transport paths while the shell ultrafine 
nanowires provide large surface areas. As a result, the hierarchical nanostructured 
Co3O4 exhibited a much higher specific capacitance of 1640 F g
-1 
at 2 mA cm
-2
 and 
better rate capability (74.7% retention rate at 20 mA cm
-2
) compared to the 
conventional Co3O4 nanowires (Figure 13i). 99.03% of its initial capacitance was 
maintained after 10 000 CV measurement cycles at 50 mVs
-1 
(Figure 13j). 
 Figure 13. (a) Schematic flowchart of the synthesis of the hierarchical MOx/NiCo2S4. 
SEM image of the (b) NiCo2S4 nanotube arrays and (c) MOx/NiCo2S4 hierarchical 
structure. (d) Rate capability of the MOx/NiCo2S4 hierarchical structure.[239] (e) 
Schematic illustration of the preparation process, (f) SEM image and (g) 
electrocapacitive performance of the hierarchical NiCo2S4 nanotube@NiCo2S4 
nanosheet arrays on Ni foam.[240] (h) SEM image of hierarchical nanostructured 
Co3O4 and its specific capacitance (i) and cycling stability at 50 mVs
-1
 (j).[241] 
5. Advancement of fundamental understanding of the mechanism 
involved in transition metal based SCs 
In the large number of publications on SCs using transition metal oxides/hydroxides, 
sulfides, selenides and phosphides, the majority of research has been focused on 
enhancing electrochemical properties of the materials through material engineering. 
Nevertheless, a deep understanding of the fundamental charge storage mechanism 
involved in the electrochemical process is even more important to design new 
electrode materials and device architecture for improved energy density, power 
density, and stability. Conventional characterization techniques such as CV, GCD, 
and EIS are not able to reveal the underlying chemical reactions and material crystal 
structure changes in the electrochemical process. Recently several in-situ 
characterization methods have been applied to disclose the information of transition 
metal based materials in the electrochemical process of SCs including the change of 
metal valence states, phase transformation, and interfacial chemical and physical 
reactions at electrolyte/active material interface during the charge storage process and 
their correlations with corresponding SC performance. These results offer critical 
insights into the electrochemical process involved in the materials and SC devices, 
which set the scientific ground for developing new strategies to boost the 
electrochemical performance of transition metal based SCs. This section is dedicated 
to the most recent advancement in the study of charge storage mechanism involved in 
transition metal compounds based SCs achieved by using in-situ characterization 
techniques. 
Currently, in-situ characterization techniques used for transition metal based 
materials in the application of SCs include in-situ X-ray absorption spectroscopy 
(XAS), in-situ synchrotron XRD, in-situ/operando Raman spectroscopy, and in-situ 
test based on electrochemical quartz crystal microbalance (EQCM). Among them, 
XAS is a relatively mature technique that has been widely used in the community of 
electrochemical energy storage devices to monitor the change of local geometric 
and/or electronic structure of a material at atomic scale. XAS contains two regions: 
X-ray absorption near-edge structure (XANES) and the extended X-ray absorption 
fine structure (EXAFS). XANES can be used to analyze the oxidation state of atoms 
of interest and their site symmetry while EXAFS can provide more comprehensive 
quantitative structural information such as coordination number, interatomic distance, 
and the Debye-Waller factor of the coordinated atoms. Compared to other technique 
with a similar function such as XPS measurement, XAS test can proceed in the 
presence of aqueous electrolyte at room temperature, which makes it attractive for in 
situ study of charge/discharge process of SC electrode materials. In situ synchrotron 
XRD is another technique which is very useful in tracking the crystal structure 
transformation during charge storage process of transition metal based materials. The 
in-situ XRD data can be collected at second scale, which is much faster than XAS and 
can be used to monitor the continuous phase change of an electrode material during 
charge storage process. Characterization based on in situ/operando Raman spectra can 
be used to monitor the change of vital structural information of transition metal based 
materials owing to its high spatial and temporal resolution and high sensitivity to 
lattice vibration.[242] EQCM has a high sensitivity in recording the mass change of 
an electrode material during charge/discharge process. This technique normally 
requires extra measurements in order to identify the intercalated/extracted species 
from the working electrode during redox reactions. It’s noteworthy that EQCM test 
requires a dense electrode film in order to avoid the issue related to trapping of 
unwanted liquid in surface cavities. This may restrict its wide application in 
practice.[243] The above in-situ techniques are either used separately or combined 
together to provide an in-depth understanding of charge storage mechanism. Some 
important results obtained by the in-situ characterization of transition metal based 
electrode materials for SCs are summarized below.  
Manganese oxides are the most extensively investigated SC electrode materials 
in terms of charge storage mechanism.[242, 244-250] Nakayama et al.[251] studied 
charge storage mechanism of Mn and Mo mixed oxides by using EQCM and XPS. 
EQCM results showed the electrode mass changed linearly with the CV potential 
change, indicating a highly reversible redox reaction process. Combined with XPS 
analysis, they confirmed the oxidation/reduction of Mn
3+
/Mn
4+ 
was balanced by the 
reversible extraction/insertion of hydrated protons in Mn and Mo mixed oxide film 
during charge/discharge process. Kuo et al.[252] demonstrated an in-depth 
information of the charge storage reaction involved in MnO2·nH2O thin films in 
different alkali cation based electrolytes by using in-situ synchrotron XRD, in-situ 
XAS, EQCM and XPS. In this study, the powerful in-situ synchrotron XRD was able 
to determine the structure of the low crystalline MnO2·nH2O which cannot be 
detected by conventional XRD. Moreover, the in situ synchrotron XRD also showed a 
completely reversible crystal lattice expansion/shrinkage of the ε-MnO2 thin film 
during CV cycling test. The extent of lattice expansion indicates the faradaic charge 
storage involves insertion/extraction of solution cations into/from the oxide structure. 
EQCM was used to calculate the mass-to-charge ratio (MCR) of the MnO2·nH2O thin 
films. Combined with XPS results, they concluded that the insertion/extraction of 
solution cations was dominated by H3O
+
 (> 60%). XANES analysis demonstrated that 
the average oxidation state of Mn cations was less than +4 in the whole charge 
process. Clear peak position shifts of XANES spectra due to the oxidation state 
change of Mn ions at different potential were observed, confirming the 
pseudo-capacitive redox reaction mechanism.  
In situ XAS has been extensively used for the study of charge storage 
mechanism of MnO2. For example, Chang et al.[253] measured XANES spectra of 
MnO2. They attributed the charge storage ability of MnO2 to the reversible chemical 
state change of Mn cations from +3.23 to +3.95 which was then back to +3.27 in the 
potential window of 0-1V vs SCE. Furthermore, using in situ XAS technique, Nam et 
al.[245] monitored the oxidation state and local structure change of Mn cations in 
MnO2 during different potential windows (Figure 14a and b). The Mn K-edge 
XANES spectra contain two characteristic peaks with one attributed to electric dipole 
forbidden transition from 1s electron to an unoccupied 3d orbital and another one 
corresponding to the purely dipole-allowed 1s → 4p transition. The XANES results 
confirm that the change of the oxidation state of Mn ions is highly reversible in the 
potential range of +0.1 - +0.8 V vs SCE whereas the process is irreversible during 
reduction reaction in the potential range of +0.1 to -0.3 V vs SCE. The valence state 
of Mn was determined based on the analysis of the Mn K-edge XANES spectra as 
shown in Figure 14a. The small change of the average oxidation state of Mn between 
+3.71 and +3.98 in reversible voltage range during the charge storage process 
indicates that only 21% of the Mn sites in MnO2 was involved in the reaction. The 
results not only prove the redox reaction mechanism of MnO2 but also confirm that 
the redox reaction only occurs at the thin surface layer of the electrode material. The 
negligible oxidation state change of Mn ions at positive overpotential area indicates 
the occurring of oxygen evolution reaction (OER) in the electrochemical process. The 
XANES also reveals the irreversible reaction of MnO2 in the potential range of +0.1 
V to -0.3 V vs SCE is due to phase transformation of MnO2 into lower valence 
manganese oxides. The Mn K-edge EXAFS spectra (Figure 14b) were used to 
monitor the local geometric structure around central Mn such as coordination 
numbers, bond distance, structural regularity of Mn-O and Mn-Mn (edge). Highly 
reversible Mn K-edge EXAFS spectra were observed in the safe potential range. 
Specifically, at reduced state (+0.1 V vs SCE) Mn-O bond length is 1.88 Å which is 
close to the bond length of Mn
4+
-O (1.91 Å), indicating Mn
4+
 is the dominant species. 
Ragupathy et al.[246] synthesized nanostructured MnO2 and studied the material 
crystal structure. Even though conventional XRD measurement failed to detect clear 
diffraction due to its low crystallinity, the Mn K-edge XANES spectra suggest that the 
material is actually locally arranged in a δ-phase MnO2 structure which is formed by 
an edge-shared network of MnO6 octahedra. Such material structure benefits the high 
specific capacitance of the product. Similarly, through measuring in situ Mn K-edge 
XANES spectra, Yeager et al.[248] revealed the Faradaic redox reaction of Birnessite 
K0.15MnO2·0.43H2O nanosheets for SCs and potential window (0.3 -0.6 V vs 
Ag/AgCl) where the valence state of Mn cations mainly changes.  
Operando Raman spectroscopy has recently been used to analyze the charge 
storage mechanism of manganese oxides and other SC electrode materials. In 2010, 
Hsu et al. first used operando Raman spectroscopy (Figure 14c and d) to study the 
structural change of SCs material MnO2 nanosheets.[247] A reversible phase 
transformation from hexagonal to monoclinic phase in birnessite-type MnO2 during 
charge transport process was recorded by operando Raman spectroscopy. The 
research also reveals the charge storage mechanism of α-Mn0.98O2 involves reversible 
phase transformation related with hydrated cations Na
+
, protons H
+
 and Mn
2+
 
intercalation/de-intercalation along with irreversible material change from α-Mn0.98O2 
to MnO2 and Mn3O4.[242] Chen et al. further systematically investigated the effects of 
the size of electrolyte cations (Li
+
, Na
+
, and K
+
) on MnO2 material under different 
charge/discharge condition through quantitatively correlating the cation sizes with the 
Raman spectroscopy characteristics (band position, intensity, and width) of MnO2. 
The features of Raman spectroscopy are also used to quantitatively determine the 
charge storage amount of MnO2 electrode.[250]  
Besides the charge storage behavior, in situ techniques are used to analyze the 
stability of transition metal based electrode materials. For example, through combing 
in situ XAS and XRD measurements (Figure 14e), it is found that spinel Mn3O4 
nanoparticles with exposed (101) facets experienced a highly reversible 
electrochemical conversion between tetrahedral and octahedral units during 
charge/discharge process.[249] DFT modeling further indicates that Na
+
 of the 
electrolyte can interact with more surface atoms on the (101) facets compared to (001) 
facets of the Mn3O4. Therefore, Mn3O4 spinel nanoparticles with exposed (101) facets 
exhibited a specific capacitance of 261 ± 6 F g
-1
 and a stable cycling life with 78 ± 4% 
capacitance retention after 10 000 GCD cycles at 0.27 A g
-1
. 
 
Figure 14. a) In situ Mn K-edge XANES spectra of the electrodeposited manganese 
oxide at different applied potentials together with the reference manganese oxides. 
and b) its Mn K-edge EXAFS spectra between -0.3 and +1.0 V vs SCE;[245] c) 
Operando Raman spectroscopy study of birnessite-type MnO2 under anodic potential 
sweep; inset: frequency shift of the v1 and v2 stretching modes as a function of applied 
potential. d) Schematic illustration of the reversible hexagonal-monoclinic phase 
transition of MnO2.[247] e) In situ XRD analysis of Mn3O4 at potentials from 0 to 1.2 
V (vs. Ag/AgCl). Black and blue spectra represent the anodic and cathodic CV scans, 
respectively, at a scan rate of 1 mV s
-1
.[249] 
Compared to MnO2, there are fewer reports on detailed charge storage 
mechanism of other transition metal based SC electrode materials although all the 
above in-situ techniques are suitable for studying the electrochemical process of these 
materials. Liu et al applied operando Raman spectroscopy to gain a quantitative 
correlation between the structural characteristics and electrochemical performance of 
NiO2Hx compound.[254] Among the two possible charge storage mechanisms of 
nickel hydroxides/oxo-hydroxides including the breaking/formation of O-H bond and 
insertion/extraction of electrolyte cations, their study confirmed the former one played 
a major role in storing electricity. In situ XAS and DFT calculation were used by 
Deng et al. to disclose the charge storage mechanism of Co(OH)2 and the underlying 
reason for the material’s excellent cycling stability (95.7% capacitance retention after 
8 000 cycles).[255] Specifically, DFT calculations showed that the activation energy 
barrier for transformation from Co(OH)2 to CoOOH is very low because of their 
structural similarity. In situ XAS results demonstrated the minor structural change of 
Co(OH)2 during charge/discharge process. The negligible structural change due to 
structural similarity between Co(OH)2 and CoOOH explains the excellent cycle 
lifetime and power density. In situ XAS measurement was employed by Lee et al to 
reveal the cause of a higher SC performance of binary NiCo LDH.[256] According to 
the XAS results, Co
3+
 helps to stabilize the crystal structure of NiCo LDH by 
accommodating the Jahn-Teller distortion of Ni
3+
. In addition, it also facilitates the 
redox reaction of Ni
 
ion from 2+ to 4+. The synergistic effect leads to significantly 
improved electrochemical performance. Compared to the abundance of electrode 
materials with variable combinations of transition metals, the underlying energy 
storage mechanism of most materials is still largely unexplored. Clearly, researches 
addressing the fundamental study of SCs are urgently needed in order to provide new 
insights into the key electrochemical reactions and critical factors that affect the 
performance of SCs using transition metal based materials.  
6. Conclusions and outlook 
In summary, the state-of-the-art research breakthroughs in improving the rate 
capability and cycling stability of SCs using low cost transition metal 
oxides/hydroxides, sulfides, selenides, and phosphides have been reviewed. 
According to the different charge storage mechanisms, there are three types of the 
transition metal based compounds for SC application: surface redox 
pseudo-capacitance based materials, intercalation pseudo-capacitance based materials, 
and battery-type materials. The charge storage of all the materials involves faradaic 
redox reactions, which are responsible for the much larger energy density of these 
materials compared to carbonbased materials. 
Through detailed analysis of the properties of electrode materials of these 
star-performing SC materials, it is clear that the intrinsic properties including the 
proper crystal structures, high electric conductivity, and charge storage mechanism 
determine the electrochemical performance of the electrode materials. Built upon 
these, four approaches can be used to enhance the energy capacity, rate capability and 
cycling stability of the transition metal oxides/hydroxides, sulfides, selenides, and 
phosphides which including 1) material morphologies and nanostructure control; 2) 
composition tuning of using multiple metal elements in the compound to enhance 
electrical conductivity; 3) interface engineering to reduce barrier for charge transport 
and possible unwanted reactions; 4) hybridization by fabrication of material 
composites.  
Construction of nanostructured material with controlled morphologies is a 
pre-requisite to obtaining good SC properties. Optimized nanostructures can provide a 
large surface area, shorten the diffusion paths of electrolyte ions and electrons, and 
provide abundant free spaces for buffering the large volume change of active 
materials during charge/discharge processes. Tuning the material composition by 
incorporation of multiple transition metal cations can create strong synergetic effects, 
resulting in much improved energy storage capacity, rate capability and cycling 
stability compared to single metal compounds. Incorporation of additional elements 
introduces more redox reaction active sites within the electrode materials. The foreign 
elements may also stabilize the crystal structure of host material against structural 
change because of insertion/extraction of electrolyte ions during charge/discharge 
process. The properties of interfaces of electrode active materials/electrolyte and of 
electrode active materials/substrates are critical to the electrochemical kinetics and 
charge collection of SCs. Three ways including element doping or introduction of 
vacancies, surface functionalization, and utilization of polymer based gel electrolyte 
can effectively improve the electrode material/electrolyte interfaces. Meanwhile, 
methods including direct growth of electroactive material arrays on current collectors, 
a buffer layer introduction, and novel current collectors designing can greatly enhance 
the current collector/electrode interfaces. Composite materials made of low cost 
transition metal compounds combined with a conductive material matrix such as 
carbon materials, conductive polymers and other transition metal based materials can 
produce superior electrochemical performance due to their enlarged surface area, 
improved electrical conductivity, and enhanced morphological stability, which results 
in improved capacitance, rate capability and longer cycling stability.  
 The charge/discharge dynamic process gives rise to challenges to 
understanding the chemical reactions and change of material properties in the 
operation of SCs. Therefore, in-situ techniques such as EQCM, in-situ synchrotron 
XRD, in-situ XAS, and in situ/operando Raman spectroscopy combined with 
theoretical modeling have been employed to elucidate the change of metal valence 
state, phase transformation, and interfacial physical and chemical reactions including 
electrolyte ion absorption/desorption during the charge storage process. The results 
provide in-depth knowledge of charge storage mechanism involved in transition metal 
based SC electrode materials.  
Even though some promising methods to achieve high SC performance using 
transition metal oxides/hydroxides, sulfides, selenides and phosphides have been 
demonstrated, there are still lots of challenges and research questions to be answered 
in this area. Among the thousands of publications on SCs using transition metal based 
materials in the past few decades, only less than 200 papers demonstrated a long cycle 
life above 10 000 cycles. Furthermore, it is noted that the mass loading of the 
electroactive material in the reported work was generally much low (only a. 1 mg 
cm
-2
 or even less) compared to the requirement of mass loading for commercialized 
SCs (> 10 mg cm
-2
).[257] Given the availability of large pool of transition metal 
compounds and the advancement of material synthesis as well as improved 
understanding of the device system, it is expected that the SCs with high energy 
density, high power density, satisfactory capacity rate and cycling stability by using 
transition metal based electrode materials can be realised through innovative 
electroactive material design, morphological structure optimization,  composition 
and interface engineering in the future. It is also possible to further increase the mass 
loading of active materials in order to provide sufficient energy density with 
commercial SCs through innovative material and device engineering which of course 
requires great effort. Some encouraging results in this aspect have been reported. For 
instance, Owusu1 et al.[53] reported SCs based on iron oxide hydroxide with a mass 
loading as high as 9.1 mg cm
-2
, which is close to the 10 mg cm
-2
 loading required in 
commercial devices. Even for the SCs with low mass loading of transition metal 
based materials but high cycling stability, they could still be potentially useful in areas 
such as micro-SCs, transparent devices[258], micro-sensors[259] and electrochromic 
SCs[224], which require high energy density delivered by low mass loading. Among 
all the transition metal based materials, composite materials are some of the most 
promising electrode materials for SCs owing to the complimentary properties of 
transition metal based compounds and carbon based materials. Other than the 
materials that were discussed here, other recent developed transition metal based 
materials such as transition metal carbides, carbonitrides, nitrides (MXenes) also hold 
great potentials for SCs. The strategies that were proposed to optimize the 
electrochemical performance of the transition metal based electrode materials should 
also be applicable to MXenes materials to further boost the material performance in 
SCs. Current knowledge of the fundamental charge storage mechanism of transition 
metal compounds for SC applications is still very limited, which however is crucial 
for the design of next generation SCs materials with high electrochemical 
performance. Further research to fill this knowledge gap is urgently needed and 
should be the focus in the future as well.  
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